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1. INTRODUCTION
1.1 Historical notes of melt spinning process
In many polymer processing operations, molten polymers
emerge from dies into a stress field which deforms the
melt into a final fabricated shape. This is the case in
melt spinning of fiber and in film extrusion. The melt
spinning process involves preparation of a spinning
fluid) extrusion of the melt through spinneret into a
cooling atmosphere) and elongation of the extruded melt.
The resulting filaments are then subjected to drawing
and anealing. Figure 1.1 shows a schematic diagram of
these melt spinning processes. We have obtained the fine
and strong filament by these processes in melt spinning.
The process of melt spinning dates from the pioneering
efforts of Carothers and Hill l reported in 1932. It has
been an important manufacturing process, and a large
fraction of all synthetic fiber is produced via the melt
spinning route.
At present time the melt spinning process is applied
to the method of fiber formation from liquid-crystalline
material;,3 the fabrication method of ultrafine fibers
by using of composite spinning; high speed melt spinning
5
method, and so on. The filaments with many useful properties
have been developed by these new methods.
The properties of filaments are highly dependent on
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the spinning conditions used in their production. This
behavior is due to the effect of process variables on the
structure of the spun filament. The formation of
structure during melt spinning is complicated by the
combined influences of melt structure, rheological factors
and non-isothermal effects. Because of these complications,
early work was little fundamental study of the rheological
behavior untill the work of Ziabick and Kedzierska 6 in
1959-1962.
Preparation
Extrusion
Elonga tion
After treatment
Figure 1.1 Scheme of melt spinning
After their work, many studies on the elongational
region in Figure 1.1 have been carried out; heat transfer
of running filament;-9 kinematics and dynamics of
deformation of the spinline,lO-15 molecular orientation
-2-
o fOb ." 10-20 11"" b h "accompanylng 1 er splnnlng, crysta lzatlon e aVlor
f 0 fOl t 2l - 24 h b d" d Th 1o runnlng 1 amen ave een stu le. e resu ts
of these works have made possible the formulation of a
system of mathematical equation describing the melt spinning
process as a whole. These studies were reviewed in the
book of Ziabicki: 5
However, there are several unresolved important problems.
First, in spite of non-Newtonian viscosity of polymer melt
having been known in the study of shear flow, the running
filament in melt spinning has been assumed to be Newtonian
fluid: three times the zero shear viscosity have been
used as the viscosity of running filament. Considerably
less effort has so far been invested in studying the non-
newtonian viscosityof elongational flow in melt
spinning, although this is of considerable significance.
Another problem is the quantitative estimation of
crystallization progress in running filament by using of
the data of static isothermal crystallization experiments.
A third problem is associated with the effects of prehistory
in preparation on elongational flow and crystallization
behavior.
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1.2 Elongational flow
Elongation is the dominant mode of deformation in
many important polymer processes. The importance of such
flow in processing applications has been indicated by
26 27
many authors including Cogswell and Lamb, Dealy and
Petrie. 28 Moreover, other significant reason for
considering elongational flow is the fact that a knowledge
of physical behavior in shear does not generally suffice
to characterise a material's response in other type of
deformation.
Most studies on polymer melt rheology have concentrated
29-31
on shear flow, which were observed in such flow geometries
as Poiseuille flow and Couette flow and in parallel plate
and cone and plate torsion flows. Simple shear flow in
the Cartesian coodinate can be visuallized by considering
a liquid between two flat plates, one stationaly and the
other moving. We assign labels to the points using the
spatial coordinates xi at time t and the body coordinates
i at an arbitrary past time t' (Figure 2). We shall
write the equation characterizing the deformation in the
form
1 Xl +£X2x =
2 X2x =
3 X3x =
1.1
The Finger strain tensors are calculated directly from
-4-
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Simple shear is accompanied by the rotation of flow unit,
as found by equation (1.1) or by Figure 1.2. This causes
a macromolecular coil to rotate about its center of gravity,
and lessens the orientating effect of flow field. This
motion .of polymer molecules is considered as a cause
32
of non-Newtonian viscosity of polymer melt, which decreases
with increasing strain rate.
In elongation, the deforma~ion in one direction,
1
say x , is independent of position in the other two
direction (Figure 3). The dimensional change is given by
x
l
= sX l
x 2= s-1/2 X2
x 3= s-1/2 X3
1.4
-1
Where s is an elongation ratio. The component of C - is
2 0 0s
-1 0 0 1.5a: = s
0 0 s
The rate of strain tensor e is also independent of position
and is given by
1 0 0
e 0 1 0 1.6=
-2
0 0 12
-6-
where y is the rate of strain, and if we consider
elongation a cylindrical specimen of length I and cross-
section area A then,
Y. = I dlT(ff= 1.7
Upon integration, we obtain the following expression for
the time dependent length and cross-section area that
must be created in order to generate this flow.
I (t) = 10exp (yt)
A(t)= AOexp(-yt) 1.8
Thus, the needed elongational strain yt for elongational
flow is
Iy = yt· = InT = In so
1.9
In elongational flow, the velocity gradient
develops in the same direction as the velocity itself
rather than orthogonal to it as in shear flow, i.e.
elongational flow is strain process free from the rotation
of flow unit. This favors a large elongation of the long
chain molecules from the random coil conformation and
a stable orientation of elongated molecules in the
direction of flow.
The experiments of elongational flow was first studied
by Trouton 33 in 1906 for pitch, tar and shoemaker's wax
descending under their own weight. Trouton defined the
e1ongationa1 viscosity as
- 7-
= F/A
A dV/dX-- 1.10
where F is applied axial force and dV/dx velocity gradient
in the aXIal direction. Nowwe consider the velocity V
at a position x and Vo at an initial position,
then the elongational strain at a position x is
Vy=ln-Vo
and
. 1 dV dV
y=V <IT =ax
1.11
1.12
Hence the Trouton's elongational viscosity is equal to
crA = f 1.13
Trouton also showed that the elongational viscosity was
three times the shear viscosity for Newtonian fluids:
A=3n.
Recently, the experiments of a constant elongational
strain rate for polymer melt have been studied by Ballman,
'Vinogradov,35 Meissner. 36 On the other hand, Cogswel137
has employed a constant stress method and obtained the
elongational viscosity. An alternative method studing
elongational flow is an isothermal melt spinning method.
The isothermal melt spinning has been examined by Acierno
38 39
et.al. and Han and Lamonte. The elongational
experiments for polymer solution have been also carried
out by using of a solution spinning method,40,4l the
tubeless-syphon method 42 and the triplet jet method. 43
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1.3 Scope of this thesis
The major concerns of this thesis are the experimental
study of e10ngationa1 flow, molecular orientation and
crystallization under e10ngationa1 flow, and the effect of
prehistory on elongationa1 flow and on crystallization
behavior in melt spinning. Some remarks about the structure
of this thesis follow.
The most general rheological equation of polymer
melt is
A = F(t,Y,T)
where A is viscosity, t time, y strain rate and T
1.14
temperature. In chapter 2, we study a simple and basic
picture of e10ngatina1 viscosity for polymer melt
which is measured at a constant strain rate and under
an isothermal condition. An e10ngationa1 rheometer of
rotating clamp type is described. E10ngational
viscosity-time relations are presented over wide strain
rate and temperature ranges and for various samples.
Non-Newtonian and non-linear viscoelastic behavior
in elongatinal flow of polymer melt will be presented.
The dat~ will be used to examine the theoretical
prediction from constitutive equations.
In chapter 3, only a parameter of temperature in
equation (1,14) is kept a constant; an isothermal melt
spinning method is adopted in order to study e10ngational
viscosity. The isothermal melt spinning is nearer to a
- 9-
commercial melt spinning. The elongational strain rate is
function of spinline position in this method. Elongational
viscosity is measured along the spinline for various
spinning conditions. The generalized relationship between
elongational viscosity and strain rate in isothermal melt
spinning is proposed. The molecular orientation of melt is
also studied by birefringence measurements and discussed in
relatio~ to the rheological properties of elongational flow.
Chapter 4 concerns elongational flow in melt spinning,
in which parameters of time, strain rate and temperature in
equation (1.14) vary along the spinline. We first describe
elongational viscosity of polypropylene which is
non-Newtonian and non-linear viscoselastic fluid. Next, we
study elongational viscosity of inorganic glass which has
been treated as Newtonian fluid. The remainder of this
chapter deals with molecular orientation of running
filaments in melt spinning; birefringence is investigated as
a function of the elongational stress.
A long chain molecule in melt easily deforms and
orients in elongational flow field. The entropy of the long
chain molecule depends on its degree of elongation. As a
result, elongational flow strongly affects the rate of
polymer crystallization. In chapter 5, we investigate the
c~ystallization behavior of the running filaments in melt
spinning. The c~ystalline orientation and the progress in
crystallization are presented along the spinline. The
temperature and orientation dependences of crystallization
-10-
rate constant are also estimated from static crystallization
data. These data will be used for the theoretical
evaluation of the crystallization progress of running
filaments of melt spinning, and the comparison of
experimental and theoretical data is discussed.
E1ongationa1 flow and crystallization behavior may be
affected by the initial structure of melt or by the
deformation prehistory before melting. Chapter 6 deals with
the effect of prehistory on e1ongationa1 viscosity and
crystallization rate constant. Melts with different
structure are prepared from three samples having different
prehistory. Sample characterization and melt properties are
described in some detail. Elongationa1 viscosity and
crystallization rate constant are measured for these samples
by using isothermal melt spinning method or melt spinning
methods. Results are discussed in terms of a concept of
entanglement.
-11-
REFERENCES
1. W.H.Carothers and J.W.Hill, J.Amer.Chem.Soc.,54,1579(1932)
2. J.B.Barr, S.Chwastiak, R.Didcheenko, J.C.Lewis, R.T.Lewis
and L.S.Singer, Appl.Polym.Symp.29,16l(1976)
3. W.C.Wooten, F.E.McFarlane, T.F.Gray and W.J.Jackson,
in "Ultra-high Modulus Polymer" (A. Ciferri and I.M. Ward,
eds.), p.227. Applied Science Publishers,London,1979
4. M.Okamoto, Sen-i Gakkaishi, P-3l8(1976)
5. J.Shirnizu, K.Toriurni and Y.lrnai, Sen-i Gakkaishi,T-255(1977)
6. ,A.Ziabick and K.Kedzierska, J.Appl.Polym.Sci.,2,14,24(1959),
6,111,361(1962), Kol1oid.Z.,171,5l,111(1960),175,14(1961)
7. E.H.Andrews, Brit.J.App1.Phys.,10,39(1959)
8. G.Wi1he1m, Ko11oid Z., 208,97(1966)
8'. N.Yamada, Y.Sano and T.Nambu, Sen-i Gakkaishi,22,197(1966)
9. J.Shimizu, K.Shirnazaki, K.Toriurni and T.Mitsui, Sen-i
Kikai Gakkaishi, 25,T-34(1972)
10. S.Kase and T.Matsuo, J.Po1ym.Sci.,A3,254l(1965), J.App1.
Po1ym.Sci.,11,251(1967)
11. Y.Sano,K.Orii and N.Yamada, Sen-i Gakkaishi,24,147(1968)
12. }f.A.Matovich and J.R.A.Pearson, Ind.Eng.Chem.Fundorn,
8,512(1969)
13. I.Hamana, in "Sen-i no Keisei toKoozo no Hatsugen",
p.123, Kagaku Dozin, Kyoto, 1969
14. T.Ishibashi,K.Aoki, and'T.Ishii, J.App1.Po1ym.Sci.,
14,2973(1970)
15. J.W.Hi11 and J.A.Cuculo, J.App1.Po1ym. Sci.,18,2569(1974)
16. O.Ishizuka, Sen-i Gakkaishi, 19,488(1963)
17. S.Nishiumi, Sen~i.Kikai"Gakkaishi,18,174(1965)
-12-
18. T.Manabe, Sen-i Gakkaishi,21,S-107(196S)
19. N.Yoshioka and H.Sato, Kobunshi Kagaku,27,366(1970)
20. J.Shimizu, K.Shimazaki, Sen-i Gakkaishi,29,20S(1973)
21. F.P.Chappe1, M.F.Cu1pin, R.G.Gosden and T.C.Tranter,
J.App1.Chem.,14,12(1964)
22. K.Katayama, T.Amano and K.Nakamura, Ko11oid Z.,226,125
(1968)
23. J.R.Dees and J.E.Spruie11, J.App1.Po1ym.Sci.,18,1053
(1974)
24. J.E.Spruie11 and J.L.White, Applied Po1yrn. Symposium,
No.27,121(1975)
25. A.Ziabicki,"Fundamenta1s of Fiber Formation",John
Wiley and Sons, London,1976
26. F.N.Cogswe11 and P.Lamb Plastics and Polymers, 38,331(1970)
27. J.M.Dea1y, Po1ym.Eng.Sci.,11,433(1971)
28. C.J.S.Petrie, "E1ongationa1 Flow", Pitman,London,1970
29. J.D.Ferry, "Viscoelastic Properties of Polymers" John
Wiley and Sons, New York,1970
30. R.B.Bird, R.C.Armstrong and O.Hassager; "Dynamics of
Polymeric Liquids", John Wiley and Sons, New York,1977
31. R.S.Lenk, "Polymer Rheology", Applied Science Publishers,
London,1978
32.F.Buecke, "Physical Properties of Po1ymers",p.2.19.
Intetscience Pub1ishers,New York,1962
33. F.T.Trouton, Proc.Roy.Soc.A77,426(1906)
34. R.L.Ba11man, Rheo1.Acta.,4,137(1965)
35. G.V.Vinogradov, A.I.Leonov and A.N.Prokunin, Rheo1.
Acta,8,482(1969)
36. J.Meissner, Rheol.·Acta,8,78(1969),10,230(1971)
-13-
37. F.N.Cogswe11,P1ast.Po1ym.36,109(1968)
38. D.Acierno, J.N.Da1ton, J.M.Rodrigues and J.L.White,
J.App1.Po1ym.Sci.,15,2395(1971)
39. C.D.Han and R.R.Lamonte, Trans.Soc:Rheo1.,16,447(1972)
40. C.A.Moore and J.R.A.Pearson, Rheo1.Acta,r4,436(1975)
41. N.E.Hudson,J.Ferguson and P.Mackie, Trans.Soc.Rheo1.,
18,541(1974), J.Phys.E, 8,526(1975)
42. G.Astarita and L.Nicodemo, Chem.Eng.J.,1,57(1970)
43. R.Brag and D.R.01iver, Nature,241,131(1973), Rheo1.Acta,
13,830(1974)
44. D.R.01iver and R.C.Ashton, J.Non-Newtonian Fluid Mech.
1,93(1976)
-14-
2. ELONGATIONAL FLOW AT CONSTANT STRAIN RATES
2.1 Introduction
For polymer melts, elongational experiments, especially
at a constant strain rate, present complex problems: the
difficulty of clamping the melt without necking; large
gravitational effects on tension; and the question of
conducting large strain and constant strain rate experiments.
These problems were solved by Meissner l ,2: elongational
viscosity was measured for low density polyethylene contain-
ing long branches. The specimen was a rod of molten polymer
floating on a silicon oil bath and was held by two pairs
of gears. The portion of the specimen remaining between
the gears was stretched at a constant elongational strain
rate by a pair of gears rotating at a constant angular
velocity. Meissner reported that elongational viscosity-
time curves were S-shaped. Elongational viscosity data
for various elongational strain rates were superposed at
the beginning of elongational viscosity growth and almost
coincided with the linear viscoelastic curve, i.e. the
curve shows elongational viscosity to be three times the
shear viscosity at very low shear strain rate. After
considerable time, however, elongational viscosity rose
quite markedly from the superposed curve and ultimately
the specimen broke. Recently, similar elongational
viscosity behavior has been reported for other polymers by
-15-
Everage and Ba11man3 and by Ide and White,4 who used a
?imp1ified apparatus. More recently, the e1ongationa1
viscosity of branched polyethylene was studied in detail
5-7by Meissner's group.
In this chapter, the e1ongationa1 viscosity at a
constant strain rate was measured over wide range of
experimental condition for polypropylene, low-density
polyethylene and po1ybutene-1 samples, using an improved
apparatus which was designed to obtain more accurate
e1ongationa1 viscosities. Constant strain rates were
confirmed by the simultaneous measurement of sample
diameter. The e1ongationa1 viscosity was calculated from
the rheological constitutive equations reported by many
investigators. Numerous theoretical and empirical relations
have been presented to discuss the effect of strain rate,
temperature and molecular weight on the non-linearity of
the e1ongationa1 viscosity.
-16-
2.2 Theoretical background
The general expression of the rheological equation of
integral type has the form8
It -1aCt)= -pI + :Cm1C + m2C)dt'
00
2.1
in which a is the total stress tensor, p is pressure,
I is the unit tensor, C- 1 is the Finger relative tensor,
C is the Cauchy relative tensor, m1 and ffl 2 are memory
functions which express the dependence on strain history
of the fluid.
For the case of stress growth upon imposition of a
.
constant e1ongational strain rate Cy) at time zero, i.e.,
fe
2y
\
0 o1 - 2 y 0 0e
-1
e -~ JC = 0 -y .C eYe , = 0 0l 0 0 0 0 eY )
y = YCt-t') t'>O,
.
Y = yt t'<O
The e1ongationa1 viscosity is defined by
A =
.'r
In the theory of Lodge 9 . 10 the memory function is
-17-
2.2
2.3
N
m = L
1 i= 1
m = 02
2.4
For the elongational viscosity-time relation upon imposition
of a constant strain rate at time zero, i.e.,
N
).,(t)= LA. (3+2T. veut + T uevt)u-lv- l
_ li = 1 1 . 1 _~ 2 • 5
u=-Ji + 2y v=-Ti - y
where Ai and Ti are adjustable parameters which need to fit
the linear part in elongational viscosity-time curve.
The memory function of the Bogue and White mode1 8 ,9
are expressed by
m =1
N G(1+.~)1 2. e-(t-t')/T ie
2 T·
. 1 Ie1= 2.6
In this model, the non-linearities are introduced in the
form of the average of the strain rate invariant. For
. '.
steady elongational flow, one can obtain the following
equations;
A(t)= I ~i(l+~)(eut - evt )+ ~ (ept _ eqt ) +
i=IY 2
N
1
Gi (1 £)( -1 ut -1 vt)+ £( -1 pt _ q-leqt )_
-- +-2 u e - v e -2 p e
. y T.i=1 1e
£ -1 -1 £ -1 -1(1+2) (u - v ) - 2(P - q ) --------2.7
-1 2'U=-T. + Y1e
-1 .
v= - T. -Y
, 1e
-1 2'P=-T. - Y, 1e
-18-
-1 .q =-T. +Y
, 1e
where T. is called the effective time constants, which1e
is given by
r. =le
T.
1
2.8
t
rr1/ 2 = _1_ III 1/2 dt
d t-t' d
t'
in which Gi and T i are adjustable parameters which need to
fit the linear part and a is non-linear fitting parameter,
and lId is the second invariant of the rate of deformation
tensor.
The BKZ model which developed from strain energy
motivation has the following form memory function
au
m =1 TI '
au
m =2 all 2.9
The function form is
901 1+11+3 1+15
u= -2~ og 9 -2481ogII +15
2t(t-t') -t(t-t')I=e +2e
-2t(t-t') t(t-t')Il=e +2e
2.10
and the time-dependent term f3
8= - r~-(t-t')/Ti
. 1:'t·1= 1
-19-
is given by
2.11
For a step function type constant elongational strain rate
experiments, this model results in
-(t-t')/T. [k {2y(t-t') -y(t-t')}+
e 1. 1 e -e
------2.12
k (t-t')=- 4.5 _
1 I(t-t')+II (t-t')+3
24
I(t-t')+15
k
2
(t-t')=- 4.5 _ 24
I(t-t')+II (t-t')+3 II (t-t')+15
, 1 2 (t)=k2 (t- 0)
where B. and T. are adjustable parameter which need to fit
1 1
the linear part, and I and II are, respectively, the
first and second invariants of the Figner strain tensor.
15 16Wagner ' assumed that the non-linear memory function
is expressible as a produc.t. of two functions; one is the
rubber-liquid memory function, the other function depends
upon the relative strain and is called the damping function.
The memory function of the Wagner model is
m1=]..Ih , m2=0
N~= 2. A.e-(t-t')/T i
. '1 11.=
h -{ -6 2"( (1 -6) 0.3"(}-1- e e + -e e
-20-
2.13
In the case, the e1ongationa1 viscosity is given by
N
I
i=l
t~if he-(t-t')/Ti{e 2y (t-t')_e-y (t-t')}dt'
o
----------2.14
where A. and T. are same constant as the Lodge model.
1 1
-21-
2.3 Experimental
2.3.1 Materials
The samples used in this chapter were polypropylene,
low-density polyethylene and polybutene-l. Molecular
characterization data of polypropylenes are summarized in
Table2.l. Where the average molecular weight was determined
from the intrinsic viscosity in decalin at 135°C, according
to Kinsinger and Hughes's relation. 17 The polydispersity
index, defined as Mw/Mn is obtained from GPC measurement.
Ine pOLypropylene sample PPlOll was mainly employed in this
chapter. For this polymer, Relationships between shear
stress and shear strain rate were obtained at 200°C with
a capillary viscometer fitted with a die of diameter D=2mm
and length to diameter ratio L/D=O.S-IO. End corrections
were evaluated from plots of driving pressure versus L/D
values. 18 The Rabinowitsch equation19 was applied in this
study in order to determine the true rate of shear. In
Figure 2.1, shear viscosities for the sample at 200°C
are plotted as a function of shear strain rate. The steady
state shear viscosity was estimated at 2xlO Spoise. Two
grades of low-density polyethylene were also used. The Melt
Indexes were 0.8 and 7.0 (SHOLEX F-082 and M-172, respec-
tively), and the densities of both samples were 0.92g/cm3 .
A sample of polybutene-l containing a few parcent of ethyl-
ene sequences was used. The intrinsic viscosity of this
polymer was 2.ldl/g determined in ethylcyclohexane at 70°C,
-22-
Table 2.1 Molecular weight of polypropylene
Sample
PPHMW
PP1011
PP1016
PPLMW
[n]
6.0
3.0
2.0
1.6
M
630,000
260,000
160,000
120,000
10.4
5.9
6.7
5.4
F
104
0':-·1---'-----'-------L--1.l....-0---'----10..L0---!
£ (5-1)
Figure 2.1 Shear viscosity versus shear strain rate for
polypropylene melt at 200°C
- 23-
and the melt index was 1.0.
These polymers were received in the form of pellets.
They were molded into a rod of 1.0 to 5.0mm diameter by a
laboratory screw extruder fitted with a gear metering pump
at 200-270 C. Care was taken to the uniformity of the rod.
2.3.2 Apparatus
Figure 2.2 is a schematic diagram of the apparatus.
Its main components are a silicone oil bath (M), a rotating
roll clamp (G), tensile testing parts (N,B,D) and a micro-
scope (arrow). The constant-temperature bath was controlled
by the arrangement of the pipe heaters and copper plates.
Temperature was measured by thermocouples. The silicone
oil used has low density, low viscosity and is transparent.
The rotating clamp had a pair of flat gears with a small
.
module. Rotation speed was varied giving values of r from
-10.002 to 5.0sec . The clamp situated in the tensile
testing parts used a pair of glass tubes. We tested a
rotational clamp consisting of a pair of gears instead of
glass tubes. Both clamps gave similar results but the
glass tube clamp produced greater precision with small
tensions than did a gear clamp. Phosphor bronze plates
were used as the leaf spring. The displacement of the
leaf spring was measured by a differential transducer.
The tensile testing system was calibrated by several small
weights, and plots of displacement versus weight are
rectilinear. For measuring the rod diameter, an incident-
-24-
light microscope was attached at the position of the arrow.
The elongating rod was allowed to settle on an aluminized
slide. Light fell incident to the rod by use of a beam-
splitting prism. During elongation, the rod was photo-
graphed through the microscope and its diameter determined.
The scale of the photomicrographs was established by
photographing a micro-inscribed scale slide. The rod
length between the clamps was 37, 54 or 7lcm. Since the
rods exhibited some shrinkage in the bath, 5 or lOmin
equilibration time was allowed before the beginning of the
experiment.
D
B
---------- +
--------- I
M----=--=~~~-_-__G=--~
Figure 2.2 Schematic diagram of elongational rheometer (see
text for details)
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2.4 Results
2.4.1 Rod diameter
With respect to the apparatus in Figure 2.2, elonga-
tiona1 strain rate can be described by the sample length
(L=l) and take-up speeds of rotational clamps (V=dl/dt)
by using of equation (1.7). Given that sample length and
take-up speed are constant, elongationa1 strain rate is
con~tant. With the assumption that the melt under test is
incompressible, the rod diameter d(t) is given by the
equation:
In d(t)= In dO - tt 2.15
where dO is the diameter of the sample at time zero.
It should be noted that the initial diameter at the
experimental temperature is larger than that at room
temperature, because of some volume expansion due to
temperature elevation and length shrinkage due to disori-
entation and surface tension. Initial diameter was measured
via the microscope, five min after attainment of the
required temperature. Rod diameter versus elongationa1
time is shown in Figure 2.3 for a series of runs at 200°C!
• -1Y=O.05sec . The homogeneity of e1ongational deformation
was checked by measuring the change of diameter with elon-
gational time in three positions (x=14,27 and 4lcm).
From comparison of runs 1,2 and 3 in Figure2.3, diameter
-26-
6020o 40
t (5)
Figure 2.3 Plots of In d versus time for elongational
-1
strain rate 0.05sec at 200°C. Solid lines
are calculated value from equation (2.15)
Run no 1 2 3 4 5 6 7
Symbol X • 0 • 0 ...
Ao
d(cm) 0.145 0.145 0.145 0.145 0.145 0.100 0.200
L(cm) 54 54 54 37 71 54 54
X (cm) 14 27 41 14 14 14 14m
0 100 200
t (5)
Figure 2.4 Plots of In d verus time for various elongational
strain rate at 200°C. Solid lines are calculated
values from equation (2.15). Elongational strain
-1
rate (sec ): (4),0.2;(.),0.05;(O),0.02;(A),
0.005; (0) ,0.002
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inhomogeneity does not seem to affect measured quantities
of elongational viscosity within the accuracy of our
experiments.
The influence of clamping the molten sample on elonga-
tional deformation should be checked. Checks on clamping
stability were made by changes in initial sample diameter
(dO=O.l.OO, 0.145 and 0.200cm) and in sample length (L=37,
54 and 7lcm). The variation of the diameter with time
gave similar results for various sample lengths. Therefore,
it can be concluded that in this experimental condition
the influence of the clamp on elongational experiments is
very small. For various initial sample diameters, the
same value of slope was found. This means that secure
clamping of the melt was obtained.
The natural logarithm of diameter versus time is
plotted at constant tempe-rature (200°C) during various
elongational strain rates (Figure 2.4). A linear relation-
ship is found for the range of elongational strain rates
0.002-0.2sec- l . In Figure 2.3 and 2.4, the solid line was
calculated from revolutions min- l of the rotating clamp.
A comparison of diameter measured by the microscope with
calculated diameter is made in these Figures, establishing
good fits independent of various experimental conditions.
Cogswell and Moore 20 reported that in simple elonga-
tional experiments the linear polymer melt became unstable
and necked at a critical elongational strain of 1. They
interpreted the result in terms of the Considere constric-
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tion which explains necking behavior in solid polymers.
If necking occurs in elongational experiments, at some
point the .sample diameter would either decrease drastically
or not change with time. However, Figures 2.3 and 2.4 show
that sample diameter is changed evenly with time. Thus,
the polypropylene melt could be elongated without necking,
up to high elongational strain of 3-5 in these experiments.
2.4.2 Elongational viscosity
During elongation (Figure 2.2), several forces act on
the sample, notably applied take-up force, inertial force)
gravity force, frictional drag, and surface tension. The
gravity of the sample can be neglected because of buoyancy
compensation by the silicone oil. Considering that the
surface tension is small, the force balance is:
x
r'x=Fo'--IV(Vo- Vx )- ~ rrRpp l'l(jux
o
2.16
where subscript 0 refers to the rotating clamp position,
2
subscript L refers to the other end, and F
x
is nR a evaluated
at position x. The relationship between take-up force FO
and measuring force F is given by:
m
L
Fo= r~lI + wVo+ ~
o
2.17
The density of the polymer melt Pp is obtained from dilato-
metry.2l For the drag coeffl·cl"ent C equatl·on (2 18) gl"venf' .
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by Kase and Matsuo 22 is used:
(
1RVX PS) ·-O.IHCf= 1.23 --
Ms
2.18
where the density of silicon oil p ranges from 0.S7gcm- 3
s
at lSO°C to 0.S5gcm- 3 at 220°C with respective viscosities
of silicon oil ~ of O.lpoise at lSO°C to O.OSpoise at 220°C.
s
In equation (2.16), the elongational force depends on x, T,
Land V. Thus, the elongational force depends not only on
the position but on the diameter and length of sample, the
elongational time and elongational strain rate.
Typical distribution of the force components is shown
in Figure 2.5. The elongational force was 73Sdyn at the
rotating clamp position and 72ldyn at ·the measuring position.
The inertia force was about 0.02% of the measured force,
and therefore 'negligible. The frictional force was about
2% of the measured force. However, the fraction of the
frictional force becomes much larger as elongational strain
and elongational strain rate are increased. At y=4 with
• -1y=0.6sec ,the frictional force is about 10% of the
measuring force. Therefore, the force correction becomes
more important as elongational strain or elongational
strain rate is increased. An average rheological force
over a sample length is corrected for the frictional drag
force contribution and defined as the elongational force.
Figure 2.6 illustrates the dependence of elongational
viscosity on elongational strain rate at 200°C for
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Figure 2.5 Distribution of the force components at T=200°C,
• -1y=0.05sec and t=10sec
107r---------------------,
•
100010010
t (5)
Figure 2.6 Variation of e1ongationa1 viscosity with time
at constant strain rates at 200 C. Strain rate
-1(sec ): (.), 0.6; (.. ) ,0.2; (. ), 0.05; (.0. ) ,0.02;
( 0 ), 0.005; (0 ) ,0.002
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polypropylene. When the sample diameter and the sample
length between clamps were changed, the same behavior was
obtained. From measurements with different sample diameters
and lengths it could be proposed that results of our elonga-
tion experiments with constant elongational strain rates
are independent of geometry and, therefore, they should be
reliable. Although the measured force had some scatter
from rUB to run, elongational stress and/or elongational
viscosity varied little, because of compensation due to
the 'initial diameter when the sample melted. Figure 2.6
shows that the elongational viscpsity increases smoothly
with time for the small elongational strain rate (y=
-1 5O.002sec ) and reaches the constant value A=6xlO poise,
equ~l to 3~ in Figure 2.1. For greater values of elonga-
tional strain rate, elongational viscosity first increases
smoothly with time, until a critical time is reached.
This behavior is similar "to that for small elongational
strain rates. Beyond the critical time, elongational
viscosity increases more r~pidly. The critical time
decreases with increasing elongational strain rate. In
general terms these results are similar to those obtained
by Meissner and others. 1 - 3
23-25Cogswell measured elongational viscosity of
polymer melts using constant stress elongation. Specimen
length was measured by clamp separation and a constant
strain rate obtained. These elongational strain rates
-1 -1
correspond to the range O.Olsec -O.04sec . The
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elongational viscosity of low density polyethylene contain-
ing long braches increased with elongational stress; but
elongational viscosity of linear polyolefins depended
little on elongational stress at low stress levels and
decreased slightly with increasing elongational stress.
• -1Cogswell's experimental conditions (e.g. Y=O.016sec and
• -1y=O.04sec ) correspond to the region (t=S-3Ssec and t=
S-20sec) of a smooth and small increase in, and the attain-
ment of a constant value of, elongational viscosity
(Figure 2.6). Furthermore, our results in this region
show that, at constant time, elongational viscosity is
almost independent of elongational stress; and, at constant
strain, elongational viscosity keeps a constant value or
decreases slightly with increasing elongational stress.
For example, in the case of Y=O.S, the elongational viscosity
• -1 3 2 5at y=O.OOSsec and o=3.2xlO dyn/cm is 6.3xlO poise; and
at y=O.OSsec- l and O=2.4xl0 4dyn/cm2 is 4.8xlO Spoise.
2.4.3 Temperature dependence of elongational viscosity
Elongational viscosity is strongly dependent on
temperature. In Figure 2.7, the influence of temperature
on elongational viscosity of a polypropylene melt is shown.
• -1In the case of small elongational strain rate (y=O.OOSsec ),
elongational viscosity decreases by about a factor of four
as temperature increases from 180°C to 220°C. The differ-
ence between elongational viscosities at 180°C and 220°C
-33-
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Figure 2.7 Temperature dependence of the e1ongationa1
viscosity-time curves at constant strain rates.
Temperature (OC), strain rate(sec-1): (.),220,
0.6; (V) ,220,0.05; (0) ,220,0.005; (A) ,200,0.6;
(X) ,200,0.05; (A) ,200,0.005; (. ), 180,0.6; (. ) ,
180,0.05; (0) ,180,0.005
is relatively small after shorter times, and becomes larger
after longer times. The time taken to reach the steady
state is shorter at the high temperature, because increas-
ing temperature will decrease the relaxation time. More
significantly, elongational viscosity-time curves evidently
have similar shapes at different temperatures. This
similarity provides the basis for an important empirical
method known as the 'method of reduced variables', which
combines data taken at three temperatures into one master
curve for the sample. If the activation energy at each
time is estimated by an Arrhenius plot, it increases
smoothly and reaches a plateau; i.e., it is considered
that the activated volume for elongational flow slowly
in~reases and reaches a constant vlaue at about IOsec.
The activation energy in the steady state is 16kcal/mol.
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It should be noted that, with higher e1ongationa1 strain
. -1· -1
rates (y=O.05sec and y=O.6sec ), a master curve is also
obtained by vertical shift alone. It then becomes evident
that the onset of rapid elongationa1 viscosity development
from the linear superposed curve is probably independent
of temperature. Similar experiments were carried out for
samples with various initial diameters and similar temper-
ature dependence was derived. From these results, it
appears that the heat of deformation and sample irregular-
ities are almost negligible.
2.4.4 Molecular weight dependence of e1ongational viscosity
Four polypropylene samples were used in order to study
the molecular weight dependence of elongational viscosity.
The results are shown in Figure 2.8. In spite of wide range
of molecular weight, the overall shape of elongational
viscosity-time curve was similar in each sample. The
viscosities at a time of nearly steady state obey 3.4 power
law of molecular weight, which is well known about the
Newtonian limiting viscosity of shear flow. 26 The deviation
from the linear common curve is also observed for each
,
molecular weight sample. The onset of the non-linear
elongationa1 viscosity corresponding to the enhancement from
the linear curve is almost independent of molecular weight.
-35-
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Figure 2.8 Elongational viscosity-time curve for various
molecular weight polypropylene melts
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2.4.5 Data of other polymer
The elongational viscosity-time curves of two branched
polyethylene melts are shown in Figure 2.9. The results of
polybutene~l melt are presented in Figure 2.10. In general
terms these results are similar to those of polypropylene.
The elongational viscosity at a small strain rate is
increased smoothly with time, reaches a constant value,
and then upswings. For a higher strain rate the time to
upswing is short. The upswing time of polybutene-l is
slightly smaller than that of polypropylene and branched
polyethylene for each str-ain rate. Recent results of
branched polyethylene show that the elongational viscosity
at a high strain rate has the steady state which value is
much larger than three times of zero shear viscosity,5,6
or has maximum valwl at a large strain. However, present
results can not be obtained the steady state of the maximum
value. Figure 2.11 and 2.12 show the influence of temper-
ature on the elongational viscosity of branched polyethylene
and polybutene-l melts. Both the linear parts and the non-
linear parts behave similar to those of polypropylene.
The time taken to reach the stea~y state in the linear
part increases with decreasing temperature. The upswing
time of each strain rate is independent of temperature.
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Figure 2.9 Variation of elongational viscosity of two
branched polyethylene (F-082 and M-172) with
time at constant strain rates at 150 C. Strain
-1 .
rate (sec ): (. ),0.6;(~),0.2;(.),0.05;(o),
0.02; (A ) ,0. 005; (0 ), 0 . 002
107r----------------------....,
10 100
,
1000
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Figure 2.10 Variation of elongational viscosity with time
at constant strain rates at 180 C for polybutene-l.
-1Strain rate (sec ): (.),0.5;("&'),0.2;(.),0.05;
(A) ,0.02; (0) ,0.005.
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Figure 2.11 Temperature dependence of e1ongationa1 viscosity-
time curves at strain rates of 0.05 (+ and black mark)
and 0.002sec- 1 (x and open mark). Temperature (Oe):
(+,x) ,120; ( .... ,6.) ,135; (. ,0 )150; (. ,0) ,165;
C. ,<;;7) ,185
I
10
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Figure 2.12 Temperature dependence of e1ongationa1 viscosity-
time curves at constant strain rates for poly-
b -1utene-1. Temperature (Oe), strain rate (sec ):
C· ),180,0.2; ("\7) ,180,0.05; (0) ,180,0.005; (.A ),
160,0.2; ( x) ,160,0.05; (A ) ,160,0.005; C. ) ,130,
0.2; C.), 130,0.05; Co ) ,130,0.005.
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2.5 Discussion
2.5.1 Linearity in elongational viscosity
Now, solely considering the linear viscoelastic
behavior, the transient elongational viscosity at the
beginning of elongational flow with constant elongational
strain rate in a fluid which is initially at rest is given27
by:
I
}",(t):: ~
o
cP
\ 1/exp ( - ;. ) dlll1du 2.19
where H is the relaxation spectrum. Differentiation of the
viscosity-time curve yields the relaxation modulus:
dd~~:: ~ Hexp ( -.; ) dInT:: E(t) 2.20
l4kcal/mol.
Then the temperature reduction of the relaxation modulus
can be obtained by plotting ETCt)TOfo/Tf versus t/aT,
where ETCt) is the relaxation modulus at temperature T,
TO and Po are the reference temperature and density at TO'
respectively, and aT is the shift factor. The composite
curve shown in Figure 2.13 is achieved by empirical shifting
of the data at different temperatures through a logarithmic
time to T=200°C. The shift factor is 2.0 at 180°C and 0.4
These shift factors give an activation energy of
28Further, by the Rouse theory, one can show
that the tensile relaxation modulus is given by:
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NH(t) = A 2 exp (- -'- IJ 2 )
1max
p=1
2.21
where A is a constant and l is the maximum relaxation
max
time. In order to fit the data of tensile reiaxation modulus
with equation (2.21), only two parameters of A and lmax can
be varied. Then, the curve fitting parameters can be
calculated as A=8xl0 4 and lmax=5. The calculated results
are shown by the solid line in Figure 2.13.
On the other hand, the linear parts of elongational
viscosity can be fitted by the rheological constitutive
equation. The five constant were determined by curve
fitting the elongational data at small strain rate. The
constants for four constitutive model described in theory
are given in Table 2.2 and 2.3. The tensile relaxation
modulus calculated from the constitutive equations with
these fitting parameters are also shown by the broken line
in Figure 2.13.
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Figure 2.13 Master curve of relaxation modulus versus log(aTt):
(0) , T=220°C; (ll) , T=200°C; (0 ) , T=180°C. Solid
line is calculated from equation (2.21) and broken
line is- calculated from constitutive equations.
Table 2.2 Model constant for linear part in elongational
viscosity at 180°C
T. 100 10 1 0.1 0.01
1.
0 3 5 6 7A. 8.l0xlO 2.l8xlO 1. 28xlO 1.94xlO 2.64xlO
1. 2 4 5 5 5G. 8.l0xlO 2.l8xlO 1. 28xlO 1. 94xlO 2.64xlO
1. 2 2.l7xl04 5 5 5B. 7.l6xlO 1.28xlO 1. 9lxlO 2.84xlO
1.
Table 2.3 Constants of L-model for linear part in elongational
viscosity at 180°C
T. 100 10 1 0.1 0.01
1.
2 4 5 6 7PPHMW 6.l6xlO 1.6lxlO 3.82xlO 3.83xlO 1. 57xlO
PPlOll 0 3 5 6 78.l0xlO 2.l8xlO 1.28xlO 1. 94xlO 2.64xlO
PPlO16 0 2 4 6 72.23xlO 3.44xlO 3.26xlO 1.02xlO 2.00xlO
PPLMW -1 8.0lxlOl 4 5 7.62xl067.62xlO 1. 36xlO 7.04xlO
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2.5.2 Non-linearity in elongational viscosity
Non-linearity characterized as follows. Figure 2.14
is typical trace of elongational viscosity during an.
elongational run. The part from O-A is one of relatively
rapid change in elongational viscosity. This is followed
by a longer period of slow change from A~B. Up to point B
the curve is independent of elongational strain rate at the
same temperature: a curve common to all elongational strain
rates which has a linear viscoelastic behavior. The rapid
increase of elongational viscosity which is a non-linear
effect begins at B, a point approximately independent of
temperature. Total elongational strain at B seems independ-
ent of elongational strain rate (Figure 2.7). However the
accurate assessment of the position of point B in elonga-
tional strain is difficult. In order to eliminate this
difficulty, many different treatments and plots of experi-
mental data were attempted. We obtain the best plot as'
follows. The value of elongational viscosity (A ) divided
exp
by the value of superposed linear viscoelastic data (AI)
is obtained, which defined the parameter of the non-linearity
(An). Plotting of InAn(t) against elongational strain
gives two straight lines. In the linear part, A (t) is
n
independent of elongational strain and is unity. In non-
linear parts, InAn(t) is proportional to elongational strain.
The critical elongational strain Yc is defined by the point
of intersection of two straight lines. These plots of
polypropylene and low-density polyethylene samples are
-43-
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Figure 2.14 Typical trace of the elongationa1 viscosity-time
curves. Tha parameter of non-linearity (A ) is
n
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Figure 2.15 Non-linearity parameter versus strain at 180°C
-1for polypropylene. Strain rate (sec ): (0),
5.0; (. ) ,0.5; (A) ,0.05; ( 0)' 0.005
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Figure 2.16 Non-linearity parameter versus strain at 150°C
for low-density polyethylene F-082. Strain rate
(sec-1): (.),0.6; ( .. ), 0.2; (X) ,0.05; ( 0) ,0.02;
(~) ,0.005; (c) ,0.002
shown in Figure 2.15 and 2.16 for various strain rates.
For experimental results of various stvain rates, a
straight line relationship can be obtained for the data
points of polypropylene and polyethylene and the critical
point B can be assessed by the critical elongational strain
y =0.7 which is independent of strain rate. This critical
c
elongational strain was also independent of temperature.
Furthermore, the slope of the straight line is 0.37 for
polypropylene and 0~60 for'polyethylene, and almost
independent of strai~ rate.
Then, non-linearity of elongational viscosity may be
written as:
- 45-
A
A = ~xp =exp(ay*) 2.22
n 1\1
where ~ is constant and ~ is the effective e1ongationa1
strain and is given by:
y*= y-y , y>yc c 2.23
y*=O y~Yc
On the other hand, non-linearity of the e1ongationa1
viscosity calculated from the rheological constitutive
models are shown in Figure 2.17, 2.18 and 2.19. Where
the adjustable non-linear parameter a of the BW model is
determined to be 0.3 and the value of t is O. It is seen
in Figure 2.17 that the four rheological models predict the
c:
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1.0
c:
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0.5 0
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Figure 2.17 Comparison of'the model predictions with the
experimental data for polypropylene at 180°C
• -1 • -1
and at y=O.Ssec. (a), and y=O.OOSsec (b)
- 46-
432
1.5
1.0
..
c
-<
c
,-
'";'
"
'"0.5 ",,,"BW 220
r
Figure 2.18 Comparison of the model predictions with the
experimental data for polypropylene at Y=O.OSsec- l
at 180°C C-), at 200°C CA), and at 220°C C.)
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Figure 2.19 Comparison of the L-model predictions with the
• -1
experimental data for polypropylene at r=O.OSsec
and at 180°C. Sample: C. ,A) , PPHMW; Co, B) ,PPlOll;
Cx ,C) ,PPl016; CA ,D) ,PPLMW
- 47-
non-linearity of the e1ongationa1 viscosity anyhow.
However, in the case of low strain rate, although the
experimental A - Y relation is the same as that at high
n
strain rate, some of the theoretical curves deviate'
conspicuously from the relation: the discrepancies are seen
between the data and the predictions of the BW model, the
W model, the BKZ model and the L model. The predictions
from the, L model and the BW model do not show any steady
state or maximum value, but those from the W model and the
BKZ model show a near steady state or a maximum value at
relatively larger strain.
The effect of temperature on the e1ongationa1 viscosity
can be considered to be included in the parameters adjusted
for the linear part of the constitutive equations. In order
to remain constant the relaxation strength, the time
constant Ti is replaced by aTTi in equations (2.7) and
(2.12), and T. and A. are replaced, respectively, by aTT?
111
and Ai/aT in equations (2.5) and (2.14). Here, aT is the
shift factor, and Ti and Ai are the values at the reference
temperature, which is 180°C in this study. The shift
factors aT at 200°C and 220°C are chosen to fit the data of
the linear part at longer times for Y=0.002sec- 1 . The
shift factor aT is 0.47 at 200°C and 0.20 at 220°C; from
these values, an activation energy ~H=18kca1/mo1 is obtained.
The effects of temperature on the non-linearity are shown
in Figure 2.18. The theoretical values are shown for the
BW model and the L model. Other results from the W model
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and the BKZ model also have the similar dependence of
temperature. It becomes evident from these results that
the non-linearity parameters for the experimental data
little change with the variation of temperature, but those
predicted from constitutive equations have the temp~rature
dependence. That is, the non-linearities predicted from
the constitutive equations are affected by the linear part
in the elongational viscosity. On the contrary, although
the linear parts of experimental data depend on temperature,
the non-linearity parameters of experimental data are
little affected by the linear part, i.e., by linear
relaxation spectrum.
The effects of molecular weight on the non-linearity
are shown in Figure 2.19. The non-linearity parameters for
the experimental and theoretical data is almost independent
of molecular weight.
It is interesting to consider the molecular character-
istics necessary to produce non-linearity ,in elongational
viscosity. However, in attaining the steady state of shear
viscosity at the onset of steady shearing flow, non-linearity
29-31
was also reported and referred to as 'stress overshoot'.
If a constant shear rate in the range of sufficiently low
shear strain rate is imposed; the shear viscosity grows
monotonically to its steady state value e.g. the elongational
viscosity in the low elongational strain rate. At higher
shear strain rates, the shear viscosity, (which is distinct
from the elongational viscosity), deviates downward from
-49-
its steady state value and passes through a maximum before
eventually approaching the steady state. The time to
reach the maximum t
m
is found to be inversely proportional
to shear strain rate: tmE=constant. Therefore, for a given
polymer, the total shear strain at the viscosity maximum is
constant and independent of E and has a typical value in
the range of 2.0-3.0 shear units. Here, stress overshoot
can be understood qualitatively in molecular terms by the
32theory of Graessley in which the reduction of shear
viscosity with shear strain rate in non-Newtonian flow is
attributed to a reduction in the concentration of entangle-
ment coupling with shear strain rate. In shear viscosity-
time experiments, it takes time for the onset of reduction
in entanglement to be accomplished. At the beginning,
shear viscosity tends towards the Newtonian viscosity value
instead of the non-Newtonian value, and it approaches the
steady-state value which is non-Newtonian. If these
considerations are applied to the elongational viscosity-
time experiment, the non-linearity of elongational viscosity
is related to the structure change which can be specifically
described in terms of entanglement coupling.
Furthermore, the structure change implies an increment
in the concentration of the entanglement or in the efficiency
of the entanglement coupling, because the elongational vis-
cosity in the non-linear region is larger than that in the
steady state region, where the linear viscoelastic behavior
can be shown.
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Consequently, polymer melts may contain some concentra-
tion of an effective structure at rest, and this is not
changed at low elongational strain rates and small elonga-
tional strains. However, at high elongational strain rates
and large elongational strains the effective structure is
destroyed and a new effective structure develops: for large
elongational strains, configurational changes of t~e
entangled network are accompanied by a significant decrease
in entropy and an increase in molecular orientation along
the direction of flow. This gives rise to an increase in
elongational stress along the flow line and higher elonga-
tional viscosity. The beginning point of such a structural
change is defined by the elongational strain, i.e. an
overall deformation. In addition, the structural change
is accelerated by an overall elongational strain, represented
by equation (2.22).
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3 ISOTHERMAL MELT SPINNING
3.1 Introduction
For isothermal melt spinning, the relation between
elongational viscosity and strain rate differs depending
on the polymer and the particular investigator. Usually
elongational viscosity decreases with increasing elonga-
t " l' " 1-3 ( 11lona straln rate or remalns a constant a sma
increasing elongational viscosity has been reported for
branched polyethylene l ). Lamonte and Han 3 proposed a
generalized relation between e1ongationa1 viscosity and
e1ongational strain rate, involving five regions: (1) a
constant elongational viscosity; (2) an increase in the
viscosity with strain rate; (3) a constant region of higher
viscosity; (4) a decrease in the viscosity; (5) a constant
value again independent of strain rate. These authors
showed that it may be practically impossible for any single
experimental technique to generate the entire elongational
viscosity curve over a wide range of strain rate. Theoreti-
cal studies, however, have predicted rapid e1ongational
4-7
viscosity growth at a critical elongational strain rate.
Previous results for isothermal melt spinning have not
been in agreement with theoretical prediction. However,
in these experiments the length of the isothermal zone was
small: e.g. those of Han and Lamonte, 9cm,2 and Acierno
1
et.al., 6.5cm. Close to the spinneret exit, the extruded
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melt has some memory of flow in the capillary of the
spinneret and it is possible that the mechanism of post-
extrusion swelling obscures the elongationai process.
In this chapter, isothermal melt spinning is studied
for polypropylene over relatively wide experimental
conditions. Elongational viscosities are discussed in
terms of the isothermal zone length, output velocity,
take-up velocity and isothermal melt temperature.
Particular attention is paid to temperature control in the
isothermal zone and the avoidance of the vibrational
contributions to the running filament. The birefringence
is also measured in order to study structural changes in
the running filament in the isothermal zone and is dis-
cussed in relation to the rheological properties of
elongational flow.
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3.2 Experimental
Figure 3.1 is a schematic diagram of the apparatus.
This was consisted with a Tensi10n (ToyoBo1dwin UTM-4L),
heated vessel, isothermal chamber, tensometer and take-up
device. The moulded polymer sample was placed in the
cylinder of the heated vessel and melted at 240°C for 15min
to obtain a homogeneous melt, which was maintained at the
isothermal melt spinning temperature for 30min before
extruding through a spinneret under constant mass flow
rate applied by the piston and crosshead of the Tensilon.
The capillary of" the spinneret had a diameter, D, of 1.3mm
and an LID ratio of 27. The molten polymer was passed
through an electrically heated chamber maintained at the
same temperature as the melt in the spinneret and then into
atmospheric conditions where it was wound onto a variable
speed take-up device. The isothermal chamber was used to
allow rheological effects to occur, free from threadline
cooling. The temperature in the isothermal chamber was
controlled by eight heating elements. The line density
of the nichrome wire-heated elements forming the isothermal
chamber was designed to keep as homogeneous a temperature
distribution as possible, and the temperature near the
running filament in the isothermal chamber was measured
by thermocouples. figure 3.2 shows the temperature profile
along the running filament in the isothermal chamber.
When eight heaters were used, an isothermal zone 71cm long
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Figure 3.2 Temperature profile in the isothermal chamber
(a) using upper four heaters; and (b) using
eight heaters.
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was obtained; when the upper four heaters were used, the
zone was observed to be 36cm long. The isothermal chamber
consisted of two glass windows, permitting visual and
photographic observation of the thread line. The filament
was wound on take-up device, located 263cm below the
spinneret.
Measurements of filament tension were carried out with
a Tens~lon recording tensometer equipped with a 2g measur-
ing head, placed just above the take-up device. The
filament was photographed through a microscope at magnifi-
cations from 20 to 100. The ne&ative was magnified using
an enlarger, and the diameter of the filament, d, was
measured. The birefringence of the filament was determined
by measuring the optical retardation with a polarizing
microscope by means of ,a Berek compensator. The optical
microscope was mounted on either side of the isothermal
chamber. A light beam was directed through the polarizer
and focussed on the filament; the plane of polarization
was at an angle of 45° with respect to the direction of
vertical descent of the running filament. The beam then
passed through a Berek compensator oriented at 90° with
respect to the polarizer. Pyrex glass of thickness 0.3mm
was used for the window but a slight optical retardation
occurred at high temperatures. The optical retardation
of the running filament was derived by subtracting that
of the glass windows from the total measured retardation.
The experimental conditions are summarized in Table 3.1,
-52-
together with take-up force measurements obtained using
the tensometer.
The material used in this chapter was commercial
isotactic polypropylene which is PPlOll and is the same
as in chapter 2.
Table 3.1 Experimental conditions
Isothermal Output Take-up Take-up
zone velocity velocity force
Run Temperature length Vo VE F
no T(OC) L. (cm) (em/sec) (em/sec) (a~)1Z
1 240 36 0.77 13.3 407
2 220 36 0.77 13.3 654
3 220 36 0.19 6.7 202
4 220 36 0.19 3.3 83.1
5 200 36 0.77 13.3 864·
6 200 36 0.19 3.3 216
7 200 71 0.19 3.3 132
8 180 36 0.19 3.3 444
9 180 36 0.19 1.7 353
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3.3 Results and discussion
3.3.1 Filament diameter and e1ongationa1 strain rate
The filament diameter and the velocity of the filament
are shown in Figures 3.3, 3.4 and 3.5 as a function of
distance from the spinneret. The e1ongational strain
rates are shown in Figures 3.3, 3.4 and are summarized in
Figure 3.6 for the different experimental conditions.
The velocity of the filament is calculated from:
4Q I
V=- -
rrp d 2 3.1
where Q is the mass flow rate of the extruded melt and p
is density of the running filament. The e1ongationa1
strain rate is calculated from equation (1.12). In these
figures the e1ongationa1 strain rate, obtained from the
differential coefficient of velocity with respect to
distance from the spinneret is within an accuracy of about
5 !!:o • Only positive e1ongationa1 strain rates are shown in
Figures 3.3, 3.4 and 3.6.
In Figure 3.3 (isothermal zone length of 71cm) the
molten polymer may start to relax through the spinneret
before it begins to elongate; this occurs because of the
elastic stress generated by transfer of the melt from the
reservoir into the capillary and the normal stress
generated by the effect of the shear gradient on the
conformation of the polymer molecules. However, the
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Figure 3.6 Variation of elongational strain rate along
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(D) ,1,2,5; (E),7
-62-
swelling expansion is inhibited by the elongational force
from the take-up roller. Thus, a maximum in the filament
diameter is observed when the swelling expansion force
is balanced by the elongational force. The swelling ratio
(defined as the ratio of the maximum extrudate diameter
to the capillary diameter)is 1.28 which is smaller than
the value of polypropylene reported by Han2 (>1.8). The
filament diameter is attenuated continuously and becomes
equal to the capillary diameter of the spinneret at a
point 14% along the isothermal zone length from the spin-
neret. In this region elongational deformation and shrink-
age deformation overlap; the filament diameter is further
attenuated with increasing distance from the spinneret and
becomes almost equal to the diameter of the take-up
filament at the end of the isothermal zone; here, the
elongational deformation is the dominant factor. The
elongational strain rate is at first negative and then
zero or just positive in the region of overlap of the
elongational and the swelling expansion forces. When the
elongational force becomes the dominant factor, the
elongational strain rate further increases with increasing
distance from the spinneret, passing through a maximum,
and then decreasing. At the end of the isothermal zone
the elongational strain rate is small.
In Figure 3.4, the output velocity is O.77cm/sec and
the isothermal zone length is 36cm. The swelling ratio
is 1.39 which is higher than the value in Figure 3.3.
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The region in which the filament diameter is not less than
the capillary diameter occupies 39% of the isothermal
zone length. This percentage is caused by the short
isothermal zone length, while the high swelling ratio is
caused by the large output velocity which is four times as
large as that in Figure 3.3. Thus, the region of overlap
may exist over a large part of the isothermal zone (39%).
In spite of its large value, the elongational strain rate
exhibits no maximum in the isothermal zone and increases
with distance from the spinneret. The attenuation of
filament diameter is consequently spread out over the outer
region of the isothermal zone where a maximum of the
elongational strain rate occurs~ This result is similar
to that of Han and Lamonte 2 and Acierno et al. l From our
results and results of other workers, however, it is
concluded that in the case of small output velocities
and long isothermal zone length the elongational strain rate
exhibits a maximum in the isothermal zone.
The temperature dependence of the attenuation of the
filament is also shown in Figure 3.4 and in run numbers 4,
6 and 8 of Figure 3.5. The profiles of filament diameter
and elongational strain rate are not affected by the
isothermal melt spinning temperature within the range of
temperature l80-240°C, even though the take-up force varies
with temperature. A distribution of the elongational strain
rate can usually be considered to be influenced by the
ratio of the take-up force to the elongational viscosity
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of the running filament. The elongational viscosity
decreases with increasing temperature and the take-up
force also decreases with increasing temperature. The
results of Figures 3.4 and 3.5 suggested that the magnitude
of the decrease of the elongational viscosity is equivalent
to that of the take-up force and the ratio of the former
to the latter is a constant independent of temperature.
To demonstrate the influence of take-up velocity on
the distribution of elongational strain rate, the filament
diameter was measured for take-up velocities of 1, 2 an4
4m/min for an isothermal zone length of 36cm (Figure 3.5).
The swelling ratios are 1.31 under these experimental
conditions. The filament diameter becomes equal to the
capillary diameter of the spinneret -17% along the iso-
thermal zone. The elongational strain rate is shown in
Figure 3.6 as a function of take-up velocity. At large
take-up velocities the strain rate exhlbits higher values
but the position of its maximum value remains almost
constant. Furthermore, although the isothermal zone is
shortened, the filament attenuation is almost complete in
the isothermal zone because of the small output velocity.
The change in filament diameter within the isothermal
region is influenced by the presence of a temperature
gradient when the filament leaves the isothermal zone.
In particular, the effect is large when the elongational
flow is not developed in the isothermal zone. For quenching
at the end of the isothermal zone, a draw resonance occurs
-65-
and then the running filament breaks. However, when the
elongational flow is fully developed in the isothermal
zone, the effect of the temperature gradient from the
outer region to the isothermal zone is small.
3.3.2 Elongational viscosity
The measured values of the take-up force are listed
in Tabl'e 3. L The take-up force decreases with increasing
temperature (run numbers 1, 2, 4, 6, 8) and increases with
increasing take-up velocity (run numbers 4, 3, 9, 8). For
the long isothermal zone length 'the take-up force is smaller
than that in the short isothermal zone (run numbers 7, 6).
This is explained by the smaller value of elongational
strain rate which results from the longer deformable regions.
According to Ziabicki 8 , several forces act on a running
filament: take-up force, gravitation, aerodynamical constit-
uent, surface tension, inertial force and rheological
elongatibnal force. The rheological elongational force
is derived from the force balance equation:
F rheo = F ext +Fgray - F aero - F surf - Finert 3.2
where F
ext is the measured take-up force and the other
constituents are calculated using Ziabicki's procedure.
The calculated results indicate that the take-up force and
gravity are the predominant factors and the aerodynamical
constituent, the surface tension and the inertial force
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are negligibly small under these spinning conditions.
Using the filament diameter, the elongational force and
the elongational strain rate, the elongational viscosity
at a given point in the running filament is calculated from:
_ a _ 4FrheoA-----
t rrd2t 3.3
Figure 3.7 illustrates the variation of the elongational
viscosity along the spinning direction at the spinning
temperature, 200°C. When the output velocity and the
isothermal zone length are O.77cm/sec and 36cm, respectively:
the elongational viscosity shows a higher value in the
vicinity of the spinneret and decreases with distance from
the spinneret towards a constant value. The constant
value is more than three time the zero shear viscosity
(6.3IxIO Spoise) in agreement with the steady value in the
elongational experiment at small constant strain rate of
chapter 2. Moreover, at short distances from the spinneret,
the elongational viscosity is higher than that for the
case of small output velocity with the same isothermal
zone length in which a small swelling ratio is exhibited.
This may be caused by the neglect of the effect of swelling
expansion on the rheological force. In general, this
effect overlaps and reduces the rheological elongational
force. Thus, the elongational viscosity is overestimated,
i.e. by neglecting the memory of the shear flow in the
spinneret capillary.
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Figure 3.7 Variation of elongational viscosity along
spinline at a temperature of 200°C. Run
number: (0),5; (A) ,6; ( 0 ) ,7
For the longer isothermal zone length, the elongational
viscosity is larger in this region than in the other two
experiments. This may be explained in spite of the small
swelling ratio, by observing that the elongational force
is not the dominaritfattor At short distances from the
spinneret because of the smaller take-up force (run numbers
7 and 6 in Table 3.1).
In the case of an isothermal zone length of 36cm, the
elongational viscosity decreases closer to the spinneret
at an output velocity of O.19cm/sec than at a velocity of
O.77cm/sec. The increase starts 26cm from the spinneret
and then rapidly increases in the isothermal zone. The
increase in elongational viscosity is not observed until
- 6 8-
the elongational force becomes sufficiently dominant, i.e.
at considerable separation from the spinneret, and it
commences at a point ahead of the maximum elongational
strain rate (Figure 3.6). The feature becomes clearer
over longer isothermal zone lengths, comparing the elonga-
tional strain rate in Figure 3.3 with that for run number
7 in Figure 3.7. The region exhibiting an increase in
elongational viscosity is wider over the longer isothermal
zone because the well-developed elongational flow occupies
a longer region of the isothermal zone. Furthermore, the
time required for a fluid element to pass to a position I
in the elongational flow field is calculated from the
relation:
1
t = .'!!- Id 2dx
4Q
o
3.4
The time required to reach the point at which the elonga-
tional viscosity begins to increase is 89.9sec for run
number 6 and is 140.3sec for run number 7. At a smaller
elongational strain rate (run number 7), the elongational
viscosity does not begin to increase until a longer time
has passed. This correspond~ to the findings of the
elongational experiment at a constant strain rate of
chapter 2.
The elongational viscosity is shown in Figure 3.8 as
a function of strain rate over the range IxIO- 2 to 3x10- 1
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Figure 3.8 Relationships between elongational viscosity
and elongational strain rate. Run number: (A),
9; (B) ,8; (C) ,7; (D) ,6; (E) ,3; (F),4
sec-
l
and within the isothermal zone for six small output
velocities. In spite of the different experimental con-
ditions similar curves are obtained. At small elongational
strain rates for each experimental condition, the lower
plots decrease towards the steady state value obtained by
elongational experiment at constant elongational strain
rate of chapter 2. Steady state values are 1.32xl06poise
at 180°C, 6.3lxlOSpoise at 200°C and 2.82xIOSpoise at 220°C,
which are smaller than the minimum values of Figure 3.8,
respectively. For larger output velocities, the relation
between elongational viscosity and strain rate is the same
as for small elongational strain rates in this Figure.
The results for decreasing elongational viscosity are
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similar to the data reported previously for polypropylene,
linear polyethylene and polystyrene2 and for Polystylene. l
For relatively large elongational strain rates the elonga-
tional viscosity remains constant at first, as in the data
of Han and Lamonte 2 for branched polyethylene. The
elongational viscosities at much larger elongational strain
rates begin to increase with increasing elongational strain
rate, as for the data of Acierno et al. l for branched
polyethylene. However, in spite of the decreasing elonga-
tional strain rate, the elongational viscosity then
increases (upper plots in Figure 2.8).
Hence, four different elongational viscosities along
the spinline can be distinguished, depending on the elonga-
tional strain rate: (a) a decrease with increasing elonga-
tional strain rate; (b) a constant value; Cc) an increase
with increasing strain rate; Cd) an increase with decreasing
strain rate. In region Ca) the swelling expansion has a
powerful influence on the rheological force, and then
decreases with elongational strain rate. _The overestima-
tion of elongational force results from neglect of the
swelling expansion effect and may cause the decrease in
elongational viscosity. The decreasing elongat~onal
Viscosity can also be interpreted from geometrical shape
effects. Since the filament attenuations occurred rapidly
in this region, the force at the filament surface was
larger than that at the center of the filament and yields
a rotational flow field. Besides elongational flow, the
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deformation within the filament is effected by a flow
similar to shear. The molecular chain rotates about its
center of mass due to the torque and the disentanglement
of the chain. The elongational viscosity may be also
reduced by this effect.
In the second region (b), elongational force predomi-
nates over swelling expansion. The decreasing elongational
viscosity is balanced by the subsequent increase in elonga-
tional viscosity. Since elongational flow is fUlly
developed in region (c), the increasing viscosity may be
characteristic in the developed elongational deformation
for the polymer melt. This characteristic is in agreement
. h h . 1 d'· 4-7 d h I f hWlt t eoretlca pre lctl0n an t e resu ts rom ot er
experimental methods in chapter 2. The elongational strain
rate decreases in region (d) because of competition between
the increasing elongational viscosity and constant elonga-
tional force. In spite of -the decrease in-strain rate,
the full development of elongational flow results in
increasing elongational Vi~cosity.
Furthermore, at small elongational strain rates, the
lower plots of elongational viscosity are almost independen
of temperature and independent of both take-up velocity
and isothermal zone length (run numbers 2, 3, 4; 5, 6,7;
and 8,9). However, the elongational strain rate at the
onset of increasing elongational viscosity differs dependin
on the experimental conditions. The viscosity at the point
of upswing in elongational viscosity also differs depending
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on experimental conditions. An increase is observed at
the larger elongational strain rate as the take-up velocity
is increased (run numbers 8, 9) and a$ the isothermal zone
length is shortened (run numbers 6, 7). For a take-up
velocity of 2m/min and an isothermal zone length of 36cm
(run numbers 4, 6, 8), the activation energy at each strain
rate as estimated by Arrhenius plots of the log(elongational
viscosity) versus 1fT increased smoothly up to the region
of fully-developed elongational flow and then reached a
plateau where the elongationa1 viscosity was increased.
The activation energy in the steady state was found to
be l3kcal/mol.
9-11Cogswell summarized the results on elongational
viscosity as a function of elongational stress. The
elongational viscosity of polystyrene remained constant
with increasing stress; for branched polyethylene it
increased but remained constant at higher stress; linear
polyolefins exhibited a decrease wlth increasing stress.
We have also attempted to plot elongational viscosity
against elongational stress (Figure 3.9).
The decrease in elongational viscosity at smaller
stresses agrees with Cogswell's results for linear poly-
mer (HDPE,PP,PS) and the value of the elongational viscosity
becomes smaller as the temperature rises. For higher
stresses the elongational viscosity shows an increase and
does not show the plateau observed by Cogswell for branched
polyethylene. The curves also intersect at high stress,
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Figure 3.9 Relationships between elongational viscosity
and elongational stress. Run number: (A),8;
(B) ,6; (C),4
i.e. the elongational viscosity at high temperature is,
strangely, larger than that at low temperature. For
5 2
example, at an stress of 2.4x10 dyn/cm the elongational
viscosity at 220°C is 4xl0 6poise and is larger than both
that at 200°C (1.lxlo 6poise) and that at ISO°C (2.0XI06
poise). These results suggest that the flow structures
in the polymer melt differ with each temperature at
constant stress. This elongational stress level occurs in
the region of fully developed elongational flow at 220°C;
the dominant region of elongational force at 20DoC; and
the region of overlap of the swelling expansion force
and elongational force at ISOoC. These full developments
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of e1ongationa1 flow may cause the polymer melt fluid to
change its structure and, in spite of the high temperature,
the large e1ongationa1 viscosity may results from structural
differences in the melt. The onset of structural change,
i.e. the rapid upswing in e1ongationa1 viscosity, take
place at smaller e1ongationa1 stresses at high temperatures
than at lower temperatures.
Values of critical e1ongationa1 stress, strain rate
and total strain at the onset of the rapid increase in
e1ongationa1 viscosity are given in Table 3.2 for various
experimental conditions. The critical e1ongationa1 stress
decreases as the temperature rises, as the isothermal zone
length becomes large and as the take-up velocity becomes
slow. The critical strain rate for short isothermal zone
lengths is about 130% larger than that for the long
isothermal zone length: it remains a constant with changing
temperatures, but increases with increasing take-up velocity.
However, the total critical strain at the onset of the
increase in elongational viscosity maintains a constant
value of 2, but appears to increase slightly with increasing
take-up velocity. These results show that in isothermal
melt spinning of polypropylene the rapid increase in elonga-
tiona1 viscosity is governed by the elongationa1 strain
despite the change in strain rate distribution, i.e. the
structure change can be consider~d as an increment in the
efficiency of entanglement coupling, or a change in the
volume of flow unit, or a rapid increase in molecular
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orientation. The onset of a rapid increase in elongational
viscosity may occur at constant molecular orientation,
independently of experimental conditions because it is
determined by a constant overall stretch ratio.
Table 3.2 Critical point at the onset of a rapid increase
in e1ongationa1 viscosity for various spinning
conditions
Isothermal Critical
Temper- zone Take-up Critical strain
ature length velocity stress 2 rate -1 Critical(OC) (em) (em/sec) (105dyn/cm ) (sec ) strain
220 36 6.7 2.6 0.28 2.5
220 36 3.3 1.2 0.23 2.1
200 36 3.3 1.9 0.23 2.1
200 71 3.3 1.1 0.10 1.9
180 36 ~~3 5.5 0.23 2.0
180 36 1.7 2.2 0.10 1.7
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3.3.3 Birefringence
The degree of molecular orientation was determined by
birefringence measurements. Typical results are shown in
Figure 3.10. The birefringence becomes measurable -20cm
from the spinneret and slowly increases along the spinline.
About 40cm from the spinneret the increase in birefringence
begins to become large. This increase is also observed
within the isothermal zone for other experimental conditions.
In the isothermal state, above the melting temperature,
it can be assumed that changes ln density, accompanied by
crystallization, do not occur. The value of birefringence
is directly related to the molecular orientation of the
melt. Thus, molecular orientation increases with distance
from the spinneret. In particular, molecular orientation
increases for a fully developed elongational flow, and this
increase may closely be related to the increase in elonga-
tional viscosity. Under uniaxial elongation, polymer
molecules in the melt are oriented by the direction of
elongation for large deformation at a total strain of 2.
This molecular orientation causes resistance to deformation
and results in large elongational viscosity. However, the
value of birefringence is much smaller than that of drawn
polymer solid (20-30xlO- 3). Thus, there is only a small
amount of orientation of the whole polymer chain in the
melt.
Alternatively, assuming that polymer chains obey
Gaussian statistics in the melt (such as in crosslinked
-77-
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elastomers), birefringence is proportional to the stress.
A plot of birefringence versus stress for the running
filament within the isothermal zone is shown in Figure 2.11.
A straight line with a slope of 1 is obtained for various
spinning conditions at low elongational stress. The
straight line indicates the proportionality predicted by
h h f bb 1 .. 12 Th 1 1 1t e t eory 0 ru er e ast1c1ty. e po ymer mo ecu es
of the melt thus behave as a Gaussian network. For higher
elongational stresses, however, a departure from the
straight line is observed and the birefringence shows a
rapid increase. For example, the birefringence for run
number 7 increases along a common straight line up to an
5 2
elongational stress of 1.lxlO dyn/cm when the elongational
viscosity starts to increase. Finally, the birefringence
exceeds the values along the common straight line. The
birefringence at the onset of the rapid increase chang~s
with the experimental conditions. This also implies that
the rapid increase in elongational viscosity does not
occur at constant molecular orientation, even though
the elongational strain is constant.
In Figure 3.11 arrows mark the elongational stress
at the point of rapid increase in elongational viscosity.
These points correspond approximately to the departure of
birefringence from the straight line under each set of
experimental conditions. The rapid increase in bire-
fringence suggests that a readily oriented structure
appears in the melt by elongational deformation, causing
-79-
an increase in elongational viscosity.
These results, obtained at low elongational strain,
show that as elongational strain is increased, both elonga-
tional stress and molecular orientation increase, and the
polymer chains in the melt exhibit Gaussian statistics.
In these regions elongational viscosity decreases with
elongational strain rate and/or maintains a constant
value because of the over-lap between swelling expansion
and elongational effects~ However, for fully developed
elongational flow above a critical elongational strain
(constant for various experimental conditions) a structural
change in which orientation can easily be increased may
occur. This structure change causes a rapid increase in
elongational viscosity. The maximum in the elongational
strain rate along the spinline is considered to occur by
a rapid increase in elongational viscosity within an
isothermal zone.
-80-
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4 DEFORMATION AND ORIENTATION IN MELT SPINNING
4.1 Inroduction
M . . 1-6 h ·d d h hany lnvestlgators ave conSl ere t e mec an-
ica1 aspects of melt spinning. Performing melt spinning
(non-isothermal) experiments on the spin1ines of polymers,
these authors have observed that the e1ongationa1 viscosity
increases monotonically with distance from spinneret.
The e1ongationa1 viscosity was also obtained to equal
three times the zero shear viscosity. It means Newtonian
viscosity.
In this chapter, the melt spinnings of po1ypro~
py1ene and inorganic glass was carried out. The distribu-
tion of diameter, tensile force and temperature of running
filament was measured. The polypropylene melt is non-
Newtonian fluid even in an e1ongationa1 flow, and its
e1ongationa1 viscosity is increase with time or strain
rate, as shown in chapters 2 and 3. The e1ongationa1
viscosity in the polypropylene melt spinning was discussed
in relation to the results of previous chapter. Next, the
melt spinning of glass being treated as New~onian fluid
was studied. Fina1y, the molecular orientation, which was
induced by the e1ongationa1 deformation, was measured along the
spin1ine in polypropylene melt spinning. The results were
discussed as a function of e1ongationa1 stress.
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4.2 Experimental
4.2.1 Materials
The samples used in this chapter were polypropylene
and inorganic glass. The polypropylene sample was
commercial one. Its average molecular weight was
determined as 1.8x10 5 from the intrinsic viscosity
2.2d1/g in decalin at 135°C, according to Kinsinger and
Hughes's relation? The inorganic glass sample was also
commercial E-g1ass which was widely used as glass fiber.
Its principle components were Si02 (54%), A~203 (14%),
CaO (22%), B203 (8%), K20 (0.4%) and Fe Z0 3 (O.Z%).
3 3Density was 2.56g/cm at room temperature and 2.488g/cm
at 1200°C. Specific heat was estimated from the additivity
of components by Sharp and Ginther1and was 0.298ca1/eoC
at 1Z00°C. Surface tension obtained from the equation
of Dietze1'was 340dyn/cm. Shear viscosity of the glass
melt was measured by the B-type rotating viscometer.
Its results are shown in Figure 4-1.
4.2.Z Melt spinning
The melt spinning aparatus of polypropylene was the
same type as that in chapter 3. The aparatus of glass
melt spinning is shown in diagramatic form in Figure 4.2.
The glass sample was provide from a hopper into a
p1atinium, P, with a constant interval. Melting
temperature was detected by thermocouple mounted at
- 83-
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Figure 4.2 Schematic diagram of the experimental set-up.
(H),height of glass head; (l),distance from the
spinneret;(G),E glass sample; (P),resistance
heated platinum reservoir; (L),platinum rod in
order to measure H;(T1,T2) ,thermocouple; (C),
electode;(W),water;(M),microscope;(F),tensometer;
(R),take-up roller
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l5mm from spinneret exit, and was kept a constant.
A constant out put velocity was obtained by the constant
height of-the glass head. Extruded molten glass passes
through the guide rollers measuring tension and connects
to the take-up roller. The capillary of the spinneret
had a diameter of 2.0mm and LID ratio of 2.0 for the
polypropylene melt spinning and had a diameter_ of 3.6mm
and LID ratio of 2.0 for the glass melt spinning.
The experimental conditions are summarized in Table 4.1.
4.2.3 On-line measurements
The temperature of the running filament was measured
by an IR Microscope (Model RM-2B in Barns Co.Ltd), which
was used for contactless temperature measurements.
Since the emissivity of running filament would depend on
its diameter and position, the temperature was measured
by the comparing IR radiation emitted by the running
filament with that emitted by the thermostatic black
body. Objective lens magnifications were l5x and 52x.
Measurements of filament diameter and tension and
on-line birefringence measurement are the same as those
in chapter 3.
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Table 4.1 Spinning conditions
Sample Run number T Vo
em/sec
VE
em/sec
1 250 0.28 17
Polypropylene 2 250 0.28 67
3 250 0.28 170
---------------------------------------------------------------
1 1350 0.12 67
2 1325 0.12 67
3 1300 0.12 67
4 1350 0.17 84
5 1350 0.14 84
Glass 6 1350 0.12 84
7 1350 0.082 84
8 1350 0.12 52
9 1350 0.12 503
10 1350 0.12 1050
11 1350 0.12 2130
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4.3 Melt spinning of polypropylene
4.3.1 Deformation of running filament
The diameter of running filament in melt spinning
was measured as a function of distance from the spinneret.
The axial profiles of filament diameter and of e1ongationa1
strain rate are shown in Figure 4.3. The strain rate in
0.20
8
E 010v .
\
10 20 30
I (c m )
40
6
-
4 IV
QI
lJl
2
Figure 4.3 Profiles of the filament diameter and the
elongational strain rate for the melt spinning
of polypropylene. Take-up velocity VE(cm/sec):
(. ,A),17;(O ,B),67;(Ll.,C),170
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this figure is calculated from equation (1.12). The
elongational strain rate shows a maximum along the
spinline, and its value is increased with the take-up
velocity~ as expected. The maximum is rocated in a
distance of 15-25cm from the spinneret.
4.3.2 Temperature distribution of running filament
The profiles of filament temperature are shown in
Figllre4.4. It is evident that within the range of take-up
250
A 100
o 40
• 1 0
200 l
...... ~u ~
• ~
I- 150 \
\
100
~o-
0 10 20 30 40 50
( em)
Figure 4.4 Temperature distribution of running filament
in melt spinning for various take-up velocities.
symbols as in Figure 4.3
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velocity lO-lOOm/min the take-up velocity does not
almost affect the profile of filament temperature. At
approximately 5 to 6cm from the spinneret, the filament
temperature is found to be below the melting tempeTature
of this polymer and at a distance of 40cm the filament
temperature becomes to the temperature of 80-90°C.
4.3.3 Elongational viscosity
The rheological elongational force is calculated
from the same method as mentioned in chapter 3.
Elongational viscosity was calculated from equation (1.13)
using the relations for the parameters presented here.
The results of these calculations are plotted versus time
from the spinneret in Figure4.S. This plot shows that the
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Figure 4.5 Plots of elongational viscosity and strain rate
along spinline for various take-up velocities
(m/min): (- -, A) ,100; (······,0) ,40; (-,. ),10
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elongational viscosity increases with time along the
spinline. The time dependences of the elongational vis cos
are similar to those shown in chapter 2. However the
elongational viscosity does not explicitly depend on time,
but depends on elon~ationai strain rate and, in non-
isothermal melt spinning such as in present chapter, the
elongational viscosity must be increased with decreasing
temperature.
Figure4L6shows the temperature dependence of
the elongational viscosity in melt spinning. The
elongational viscosity is plotted versus an inverse of
absolute temperature (Arrhenius plots). In this figure,
/,3,6
the data reported by other investigators are also shown
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Figure 4.6 Arrhenius plots for the elongational viscosity
in melt spinning for polypropylene. Solid lines
6
are other investigator 1 s data: (S),Shimizu et al ;
3 2(Y),Yamada ans Sana; (K),Kase and Matsuo
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as solid line. One can obtain an apparent activation
energy of elongational flow from the slope in Figure 4.6.
The slopes of present data at high temperatures are
similar to those of other investigators, but the slope
of present data are gradually increased with decreasing
temperature. The increase in slope results from time
effect and strain rate effect. It may be suggested that
polymer melt of running filament undergoes some
structural change which is accompanied by a rapid
increase in viscosity and activation energy of flow.
Its structure changes are the occurences of molecular
ordering or effective entanglement network, in other
words, the change of flow unit size or cohesive force
between neighboring molecules. The similar effects
have been observed in a constant strain rate elongational
experiment of chapter 2 and an isothermal melt spinning
of chapter 3. If the polymer melt is a Newtonian fluid,
the elongational viscosity depends only on temperature.
Then it can be concluded that a non-Newtonian effect
is also important to the e1ongationa1 flow in melt spinning.
One is not permitted in rigorous manner to express
the result in the form of an e1ongational viscosity
since E will depend on time.
4.1
Where R is the gas constant,
T is absolute temperature, and E is apparent activation
energy. Some qualitative understanding of these
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elongational viscosity-time relation can be obtained,
however, by noting the variation of apparent activation
energy with time. This is illustrated in Figure 4.7.
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Figure 4.7 Dependence of the apparent activation energy
of elongational flow with time for polypropylene.
Experimental method: (CSRE),constant strain rate
elongation;(IMS),i~othermalmelt spin~ing;(MS).
melt spinning
The results of other experimental methods, the constant
strain rate elongational experiment (chapter 2) and
the isothermal melt spinning (chapter 3), are also
shown in the same figure. We cannot discuss a quantitati
comparison between the results of three different experim
methods, because the condition of elongational experiment
e.g. strain rate and temperature, is significantly
different. However, three experimental methods are
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similar in the time dependence of the apparent activation
energy; the apparent activation energy of the elongational
viscosity.is increased with time.
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4.4 Melt spinning of Glass
4.4.1 Deformation of running filament
The filament diameter versus distance from the
spinneret are shown in Figures 4.8, 4.9 and 4.10. Figure
4.8 shows that diameter profiles are almost independent
of spinning temperature within a range of l300-1350°C at
constant mass flow rate and take-up velocity. Large
fractions of filament attenuation occur in the vicinity
of 'the spinneret in glass melt spinning. A die swell,
which develops clearly in polypropylene melt spinning,
can not be observed in glass melt spinning, and the
filament attenuation begins directly at the spinneret
exit. Figure 4.9 shows the effect of.mass flow rate at
constant temperature and take-up velocity. Figure 4.10
shows the effect of changing ~he take-up velocity.
The change of take-up v~locity does not affects the attenua-
tion process in the neighborhood of the spinneret but
affects the last half of ·a~tenuation process. The termina-
tion of attenuation process shifts a little toward the
take-up point, but is almost placed in a region of 5-8cm
from the spinneret despite wide ranges of take-up velocity
(52-2l30cm/sec).
Figures 4.11 and 4.12 show elongational strain rate
versus distance from the spinneret. The strain rate
shows a maximum at a position of about 2cm and becomes to
small value at a distance of 5-7cm from the spinneret.
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Figure 4.12 Variation of e1ongationa1 strain rate along
spinline for out-put velocity of O.12cm/sec
at 1350°C
The maximum position does not cha~ge, and maximum values
decrease, with increasing mass flow rate (Figure 4.11).
In higher take-up velocity of Figure 4.12, the maximum
-1
strain rate is much larger value and goes up to 400sec .
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4.4.2 Temperature distribution of running filament
Glass melt temperature can not be measured in the
capillary of the spinneret, although the spinning temperature
was measured at a position of 1.Scm above the spinneret.
Then, we deduced the glass melt temperature in the
capillary of the spinneret as follow. The Hagen-Poiseuille
law is applied to the capillary flow in the spinneret, and
the output flow rate is estimated from
4Q=TIR P
8Ln
4.2
where, R is the radius of capillary and L is the length of
capillary. The relationship is plotted for various spinning
temperatures in Figure 4.13. A straight line relation
can be drawn through the data points for all spinning
temperature. The shear viscosity in the capillary is
calculated from the slope of this straight line by using
of equation (4.2). The melt temperature in the capillary
of the spinneret is deduced from comparison of its shear
viscosity with the shear viscosity-temperature relation
in Figure 4.1; the melt temperature in the capillary of the
spinneret (TO) is estimated as 1237, 1216 and l194°C for
run numbers 1, 2 and 3, respectively. The temperatures of
the spinneret exit are represented by these temperatures.
Experimental measurements of running filaments were
carried out in a temperature range below 600°C.
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Figure 4.13 Relationship between flow rate and the height of
molten glass head for various spinning
temperature, as indicated.
Temperature distributions of running filaments from the
spinneret exit to the measurable point of temperature
were deduced by an interpolation method. Temperature
distributions, neglecting radiation and axial conduction
effect, were calculated from the following equation by
Zo bO ko lOla lC 1 :
4.3
where Too is the ambient temperature, C is the specificp
-99-
heat of glass which is used the value at 800°C (O.286cal
/gOC). The heat transfer coefficient (a*) is given by
4.4
where Re (=Vd/v) denotes the Reynolds number, AO is the
heat conductivity of air (6xlO- S cal/cm sec °C) and v is
the kinematic viscosity of air (O.146cm2/sec). The
ambient temperature (Too) is assumed to be equal to
a(T-30)+30, where a room temperature is 30°C and a is a
1200
o No 4-
• No 5
.to No 6
It No 7
800
-
~ 600
...
400
20 40
(c m )
60 80
Figure 4.14 Variation of filament temperature along spinline
for take-up velocity of 84cm/sec at l350 oC;
experimental data points (plots), calculated
calue (solid line)
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fitting parameter and is the value of about 0.3.
Typical results are shown in Figure 4.14. The
filament temperature is increased with increasing output
flow rate. When the spinning temperature is changed, the
temperature profile is shifted as a whole with spinning
temperature. The take-up velocity does not almost affect
the profile of filament temperature.
4.4.3 Elongational viscosity
Experimentally measured external forces versus output
flow rate, spinning temperature and take-up velocity are
shown in Figure 4.15. Significant effects of spinning
temperature on the external forces were observed, although
the spinning temperature did not affect both the filament
attenuation and the temperature distribution of running
filaments. On the other hand, the external force remained
a constant value with the change of output flow rate, which
affected strongly the filament attenuation and the tempera-
ture distribution. When the take-up velocity was increased,
the external force was increase up to SOOm/min and then
reached to a constant value.
Rheological elongational force was obtained from
the force balance given by equation (3.2). Where, the
inertial force and the aerodynamic drag force were found
to be small value and negligible. The surface tension
constituent was observed to be relatively large, because the
surface tension of glass was 340 dyn/cm and was greater
-101-
than that of polypropylene (22dyn/cm)13. However, the
large contribution of the surface tension was only the
region near the spinneret. and then decreased along the
spinline. The gravitational force was observed to
decrease monotonically along the spinline.
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Figure 4.15 Variation of take-up force with flow rate (.),
spinning temperature (0) and take-up velocity
(x)
Typical results of e1ongationa1 viscosity are shown
in Figure 4.16. The e1ongationa1 viscosity increases
monotonically from 10 4 poise, near the spinneret, to 10 7
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Figur~ 4.16 Variation of elongational viscosity along
spinline for take-up velocity of 84cm/sec
at 1350°C
poise within the deformation region of running filaments.
These viscosity values are about the same for polypropylene
melt spinning. In Figure 4.16, no apparent effects of the
output flow rate on the e1ongationa1 viscosity are observed
near the spinneret, but in far region from the spinneret,
the e1ongationa1 viscosity increases with decreasing the
output flow rate. Temperature dependences of its e1onga-
tiona1 viscosity are shown in Figure 4.17. A straight line
relationship is obtained independent of the output flow
rate: the e1ongationa1 viscosity is an exponential function
of inverse absolute temperature (Arrhenius law).
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Figure 4.17 Plots of e1ongationa1 viscosity versus liT for
take-up velocity of 84cm/sec at spinning
temperature 1350 0 C
Figure 4.18 shows the temperature dependence of the
elongational viscos i ty for various melt _ spinning condi tions .
For run numbers 1, 2, 3, 6, and 8 being small take-up
velocities, same straight line as Figure 4.17 is obtained.
However, under conditions of large take-up velocity, or
high strain rate, (run numbers 9, 10 and 11) the elonga-
tional viscosity is turned upward. The elongational
viscosity of glass depends not only temperature but also
elongational strain rate. These results indicate non-
Newtonian viscosity for glass melt; the non-Newtonian flow
-104-
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Figure 4.18 Plots of elongational viscosity versus lIT
for various spinning conditions
of glass melt is not observed until high strain rate is
attained.
Glass structure was investigated by Zachariasen14
and Warren. IS Zachariasen carried out the consideration
of the chemical composition and Warren studied the x-ray
analysis. They proposed an irregular three-dimensional
network which is the absence of periodicity and symmetry.
This is explained by picturing glass as a random network
in which each silicon is tetrahedrally surrounded by four
oxygens, each oxygen bonded to two silicons, the two bonds
to an oxygen being roughly diametrically opposite. This
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16structure of glass is generally accepted at present.
Considering that this glass structure still remains to some
extent at high temperature, the network molecules are
oriented by the elongational flow. It results structure
changes in flow and the formation of supermolecular structure
in glass melt.
Consequently, glass fluid exhibits non-Newtonian
behavior at high strain rate involved in melt spinning.
The non-Newtonian behavior is considered to be caused by
an irregular network structure of glass.
4.5 Molecular orientation in running filament
4.5.1 Birefringence
The distributions of a birefringence of running
filaments are shown along the spinline in Figure 4.19.
The birefringence increases slowly over a short distance
and then rapidly rises to the value of take-up filaments.
These profiles of the birefringence are very similar in
shape to those reported by Katayama et al 17 and Shimizu et
6
al. The birefringence value is affected by molecular
orientation, form birefringence, density, temperature and
pressure. The form birefringence is probably less than
5Q18 d' lIlt dOth th h d Sasabe19~ an 1S usua y neg ec e. n e 0 er an,
reported that the dielectric constant of polypropylene
depended little on temperature and pressure, and the
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dependence of density on the dielectric constant was
dominant. A refractive index is equal to the dielectric
constant at an infinite frequency. Then, only density
dependence was considered for the refractive index of
polypropylene. The effect of density on the refractive
index is described by the Lorentz-Lorenz relation. From
this relation, the relationship between birefringence and
molecular orientation f is given by2l
o
9H 4.5
where M is the molecular weight of the statistical link,
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p the density, N Avogadro's number, and (al-aZ) the optical
anisotropy of the random link. 20 Calculated results of
molecular orientation are shown in Figure 4.20. The
curves in Figure 4.20 are almost same as that in Figure 4.19,
therefore the change of birefringence is considered to be
equal to the change of molecular orientation.
20
o-----0---0
~ 15
)(
.~---....---.
If
<;>
i
_ ~o.
20 ~O 60 80
Distance from spinneret l (em)
Figure 4.20 Variation of or~~ntation factor along spinline
for various take-up velocity (m/min): (0) ,40;
(. ),10
4.5.2 Relationship between birefringence and stress
The birefringence of running filaments is plotted
against elongational stress for various take-up velocities
in Figure 4.21. A linear relation with a slope of one
-1()8-
-3
( An=36xl0 a)(/'=4.4 x10
c
<I
0)
o
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-5
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Figure 4,21 Relationship between birefringence and elongational
stress for various take-up velocity (m/min):
(A) ,100; (0) ,40; ( • ) ,10
exists in a small stress range independent of take-up
velocity. This relationship is given by
-11fln=8.3xIO (J
In a large stress, the birefringence deviates from the
4.6
linear relation and begins to increase from a particular
stress and is saturated. The beginning stress of rapid
increase in birefringence and the saturation value
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increase with increasing take-up velocity. The saturation
values for various take-up velocities show also a straight
line relation. The relation is given by
4.7
The coordinate at which the two straight lines intersect
8 2 -3
each ,other is (a=4.4x10 dyn/cm , ~n=36x10 ). This stress
value is almost same as an e1ongationa1 stress at breaking
k 1 ·· 1 .. 22 h . f'ta e-up ve OClty ln me t splnnlng. T e blre rlngence
value at the intersection is same as the maximum value in
experimentally measured birefrin~ence.
Therefore, these results are explained that the lower
line in Figure 4.21 means a stress-optical relation of
Gaussian chain in polymer melt, and the upper line corre-
sponds to that of polymer solid; a stress-optical relation
in drawing of polymeric solid. Melt spinning is process
in which the molecular orientation increases at a constant
stress from the lower line to the upper line, and is
followed by drawing process, at which the molecular
orien~ation is considered to increase along the upper
line and fiber structure may be completed.
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5 CRYSTALLIZATION IN MELT SPINNING
5.1 Introduction
Previous chapters showed the elongational viscosity
and molecular orientation in elongational flow field.
Present chapter is studied the crystallization behavior
in the elongational flow field of melt spinning. These
on-line measurements of the crystallization behavior were
1
carried out by using of x-ray by F.P.Chapel et al., and
2K.Katayama et al. Chapel et al. observed the existence
of crystallite within running filament of nylon-6.
Katayama et al. estimated the beginning point of crystal-
lization of running filament for polyethylene, polypropylene
and polybutene-l from x-ray diffraction patterns,
especially they estimated quantitatively progress of
crystallization for polyethylene.
In this chapter, the x-ray diffraction intensity curve
was measured for the running filaments of polypropylene.
Bragg's low d-spacing, crystalline orientation, the
fraction of a*-axis oriented crystallite, progress of
crystallization and growth of crystallite was estimated.
The results relate to three cases: isothermal crystalliza-
tion of an isotropic melt, non-isothermal crystallization
of an isotropic melt, and non-isothermal crystallization
of a non-isotropic melt. Data on nucleation rate and
growth rate are required for the study of the kinetics
-ll~-
as functions of crystallization temperature and non-
crystalline orientation. The temperature dependence of
nucleation rate and growth rate for polypropylene was
derived from many data on isothermal crystallization.
The orientation dependence of these was also calculated.
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5.2 Experimental
Polypropylene sample and melt spinning methods were
the same as those of Chapter 4. Wide angle x-ray diffrac-
tion intensities of running filaments were carried out by
an on-line measurement (Figure 5.1). The filament extruded
from the spinneret was passed through a rotating-anode
x-ray generator and was wound onto a take-up device.
Wide angle x-ray diffraction intensities were measured
along the spinline to a distance of 100cm.from the spinneret.
In this measurement, the x-ray was conducted on the morving
filament during processing. Nickel-filtered Cuka radiation
was used. Particular attension paid to more accurate
estimate of x-ray diffraction curves. The curves were
obtained for (110), (040), (Ill) and (131) peaks and base
line. The x-ray diffraction curve at a distance of 100cm
from the spinneret was almost same as that of take-up
filaments. The degree of crystallinity of take-up filaments,
derived from density measurement, was 60%.
The temperature dependence of d-spacing was measured
using a high temperature sample holder. Sample temperatures
were detected by a thermocouple mounted within the sample.
2 2The orientation factors of <cos ~040>' and <cos ~110>
were measured for various as-spun filaments, and the ratios
(K040 and KIlO) of the intensity of (040) and (110) to
that of (Ill) reflection in an equatorial scan were measured
simultaneously. The x-ray diffraction intensity curve of
-115-
Heating chamber
Spimeret
X-ray source
Guide
X-ray
generator
Recorder
Take up
device
Figure 5.1 Schematic diagram of melt spinning apparatus
amorphous state was estimated from the method of Natta-
Herrman. 3
5.3 Crystallization behavior of running filament
5.3.1 Variation of d-spacing
Typical examples of on-line x-ray diffraction intensity
curves are presented as a function of distance from the
spinneret in Figure 5.2. The x-ray diffraction curves at
20cm from the spinneret show a liquid or amorphous halo.
At 2Scm from the spinneret, crystalline peaks (a-type)
are recognized in x-ray diffraction curves. The curve
at 60cm is similar to that of the take-up filament. The
-116-
Figure 5.2 X-ray diffraction profiles of equatorial
scan about (110) and (040) planes for the
running filament; take up velocity 10m/min.
d-spacing of running filaments is obtained from these
x-ray diffraction curves and is p10tted against temperature
in Figure 5.3. The d-spacing of bulk samples is also
shown in the same figure, and agrees with the d-spacing of
running filaments for amorphous halo, (110) and (040)
reflections. Then, the shift of crystalline peak position
(26) along the spinline is explained by only thermal
shrinkage depending cooling condition, and a stable a-crystal
is formed throughout the crystallization process of running
filaments.
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Figure 5.3 Variation of (110), (040) and amorphous lattice
spacing with temperature. (.) ,bulk sample (iP.P);
( x ) , bulk sample (aPP); (0), running filament in
melt spinning
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5.3.2 Crystalline orientation
The intensity of (111) reflection in an equatorial
scan of as-spun filaments is large at small take-up velocity
and it becomes small value with increasing take-up velocity.
This means that the intensity of (Ill) reflection in the
equatorial scan is related to a crystalline orientation.
In this section, we measured the ratio of intensity,
Hlll/H040 (K040 ) and HIll/HllO (KIlO)' for as-spun
filaments with various take-up velocities, and calculated
simultaneously the average orientation" function,
<cos2W040> and <cos2WII0>' from an azimuthal scans of
the (040) and (110) reflections for the same as-spun
0.1
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Figure 5.4 Relationship between <cos2WII0>' <cos
2W040>
and KIlO' K040 for spun filament.
(. ), (110) reflection; (0), (040) reflection
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filaments. Relationships between the intensity ratio and
the average orientation function are plotted in Figure 5.4.
The orientation for running filaments can be estimated
by the measurements of equatorial scan and the relation of
Figure 5.4. The crystalline orientations obtained by this
method are plotted along the spinline in Figure 5.5.
It can be seen from Figure 5.5 that the crystalline
orient~tion is kept a constant throughout the crystalliza-
tion process of running filaments. The c-axis crystalline
orientation calculated from the relation of Wilchinsky4
is 0.340 for as spun filament of 40m/min and is 0.244
for that of lam/min.
o
(040)
0.1
~
N
~0.2
'f!I
b.3
o 0~__---'o~ _
00 x
(110)
Q4
, X
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Distance from spinneret 1 (em)
Figure 5.5 2Variation of orientation function <cos WIIO>2
and <cos W040> along the spinline for take-up
velocity 40rn/rnin
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5.3.3 a*-axis oriented crystal fraction
The spun filament exhibits both a*-axis and c-axis
orientation simultaneously. The fraction of a*-axis
oriented crystallite (Nf ) was estimated from following
. 5
equatlon.
5.1
where H0040/HollO is the ratio of intensity at the
disappearence of a*-axis oriented crystallite. Figure 5.6
is a plot of a*-axis oriented crystal fraction along the
spinline. It is not also changed from the beginning to
the end of crystallization process of running filaments.
80
o
~ '·~-·----:le'--­~. .
60 0
-z
40
20
o
---.
°2L,,-0-lL...--f.LIJ=---'--~6;b.O~.J--;:8'!;::O-~1~(x)
Distance from spInneret 1(cm)
Figure 5.6 Variation of a*-axis oriented crystal fraction
(Nf ) along the spin1ine for take-up velocity
40m/min (0) and 10m/min (.)
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The constant crystal orientation and the constant fraction
of a*-axis oriented crystallite indicate that the crystalline
orientation is independent of· the time of nucleation along
the spinline at a given spinning condition. Since the
stress and temperature rapidly change along the spinline,
the crystalline orientation is considered to be dominated
by the state of polymer melt at the very initial stage of
crystallization or before the crystallization. The
nucleation is completed in an earlier stage along the
spinline, the orientation of nuclei is determined in this
stage, and subsequent crystallization may proceed by the
growth of crystal and the increase in crystal perfection,
in the direction of the initial orientation.
5.3.4 Progress of crystallization
The crystallinity was obtained from the ratio of
the area
profile
of crystalline peaks (S040 and SIlO) and amorphous
(S ) of the equatorial scan.
am
5.2
where X is the crystallinity of as spun filaments
tu
determined from density measurement. Plots of per cent
crystallinity against distance from the spinneret derived
from the on-line x-ray measurement are presented in Figure
5.7. Crystallization begins in the filament at a point
near or after the maximum of strain rate (Figure 4.3) and
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Figure 5.7 Variation of crystallinity (x) along the
spinline for take-up velocity 40m/min CO)
and 10m/minCe)
continues as the filament moves to the take-up bobbin.
When one half of the total crystallinity is attained,
the filament attenuation is completed. The retention times
during crystallization progresses are very short and are
the values from 0.5 to 1 sec.
5.3.5 Crystallite size
The progress of crystallization is separated into the
increase in the number of crystallite and the growth of
crystallite. Direct measurement of the former is
difficult but the latter is estimated from the integral
width of reflective profiles. The crystallite size of
running filaments is calculated from the equation of
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Figure 5.8 Variation of crys:tallite size 0 040 (0) and
DUO (. ) along the spinline for take-up
velocity 40rn/rnin
Scherrer (Dhkl=KA/scos8). The results along the spinline
are illustrated in Figure 5.8. The shape of curve is
similar to the variation of crystallinity along the spinline
(Figure 5.7). Supposing that the values of D040 and DllO
are equal to the crystallite size in the direction of
b-axis and a-axis, respectively, the thickness of crystal-
lite is constant, and the volume of crystallite is propor-
tional to the value of D040xDllO' The data of D040xDllO
along the spinline are shown in Figure 5.9. The curve is
more similar to the variation of crystallinity (Figure 5.7)
than the curve in Figure 5.8. Relationships between
crystallinity and D040xDllO are shown in Figure 5.10.
Straight line relations can be drawn. Therefore, it can
be concluded that the number of crystallite is unchanged
-124--
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along the spinline and is determined by the nucleation
at an initial stage of crystallizat~on, and the growth of
crystallite is dominant factor for the progress of crystal-
lization along the spinline.
5.3.6 Orientation of non-crystallized parts
The observed birefringence of running filaments ~n
is a function of the crystallinity X, the crystalline
orientation f , the orientation of non-crystalline parts f ,
c a
and the intrinsic birefringence of crystalline ~no and
c
non-crystalline regions ~n~;
where ~no is 4l.6xlO- 3 and ~no is 38.lxlO- 3 for polyporpylene.
c a
The orientation function of non-crystalline parts is
calculated from this equation, and results are shown in
Figure 5.11.
In the initial stage of crystallization, the molecular
orientation of non-crystalline parts indicates a minimum
and negative value such as results at low elongation of
cold drawing. This may be interpreted in terms of loosening
of the chain in non-crystalline parts by heat of crystal-
lization. In the final stage of crystallization, the
molecular orientation of non-crystalline parts decreases
with the progress of crystallization. This decrease
results from partly decreasing amorphous content and partly
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decreasing amorphous orientation (Figure 5.12). The
decreasing amorphous orientation can be accounted for by
the concentration of strain from progressive crystallites
around the non-crystalline chain.
5.3.7 Relationship between deformation and orientation
in running filament
Figure 5.13 shows the variation of e1ongational strain
rate, crystallinity and non-crystalline orientation factor
along the spinline. Comparison between Figures·S.12 and
5.13 gives the following consideration. The maximum of
elongational strain rate along the spinline is attained
when the running filament shows the increase in the
molecular orientation by an elongational deformation.
The running filament at the maximum strain rate is still
melt and then, its orientation is occurred by the increase
in the non-crystalline molecular orientation. From this
point of the spinline, the elongational viscosity begins to
rapid increase and subsequently strain rate decreases.
The running filament does not exhibit a crystallization
until the elongational viscosity is increasing. The
crystalline orientation is determined by the initial
state of crystallization and remains constant throughout
crystallization process. The crystallite of running
filaments grows rapidly and the large portion of total
orientation comprises the crystalline orientation. The
. non-crystalline orientation is temporarily decreased by
-128-
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Figure 5.13 Variation of non-crystalline orientation factor,
crystallinity and elongational strain rate
along the spin1ine for take-up velocity 40m/min
the heat of crystallization but it is increased again by
the cooling effect. At latter half of crystallization
process, it is decreased by the concentration of strain
from progressive crystallites around the non-crystalline
chain. The total molecular orientation becomes constant
value by a competition between increasing contents of
crystalline orientation and decrease in non-crystalline
orientation. Here elongational strain rate is equal to
zero value and running filament is solidified.
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5.4 Crystallization kinetics
5.4.1 Theoretical background
We start from the theory of phase tranformations
proposed by Avrami 7 . 8 and Mandelkern et al. 9 According
to this theory the degree of transformation at time t
amounts to:
t
( X) 1 Pcf .-In 1 - - =- - v(t,1')N(1')d1'Xoo Xoo PI
o
5.4
Here Xoo is crystallinity at the termination of the crystal-
lization process, Pc and PI are the density of the crystal-
line and liquid phase, respectively, G(u) is the rate of
linear growth at time u, N(T) is the rate of nucleus
formation at time T, kf is the shape factor and n is a
constant.
Usually, in isothermal crystallization from an
isotropic melt, one assumes that G and N are constants.
This assumption reduces equation (5.4) to :
-In(1 _ ~) = _1 Pc Ktn
XOO Xoo Pi
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5.5
In this case, the crystallization kinetics can be analysed
by Avrami plotting (In[ -In(l-X/Xoo)] against In t ).
In non-isothermal crystallization from a non-isotropic
melt, G and N are dependent on the crystallization tempera-
ture (T) and the molecular orientation of non-crystalline
liquid (~n ), which are functions of time in the melt
a
spinning process. That is to say, the rate of nucleus
formation at time T from the spinneret is N[T(T),~n (T)],
a
and the rate of linear growth at time u from the spinneret
is G[T(u),~n (u)]. Then we may consider that the nucleus
a
which was originated at time T is growing up to observed
time t(~p~t) with the various linear growth rate of
G. [T(u),~n (u)]. Here p is the number of time intervalsJ a
~t. In this case the degree of crystallinity X at time t
along the spinning line can be obtained as the following
expressions by analogy with equation (5.4).
()
P
X 1 Pc
-In 1-- =--kt"X
Xoo Xoo p/ ~
i = 0
rj~;G; [T("), <lon,(")] <lot ) nN, [T(r), <lon,(r)J <lot 5.6
Additionally, in non-isothermal crystallization from
an isotropic melt, G and N are dependent on crystallization
temperature and independent of orientation. Therefore,
X(t) is calculated assuming that ~n (t) at time t may be
a
zero in equation (5.6).
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5.4.2 Isothermal crystallization of isotropic melt
Isothermal crystallization of an isotropic melt may
be the most simplified case of crystallization in running
filaments during melt spinning. Two different results
have been published for the temperature distribution along
the spinline. One of these is that the heat of crystalliza-
t · bIt dlO,ll h h . h' 18,1910n can e neg ec e , t e ot er 1S t at 1t cannot.
In the latter, the temperature of the filament is kept
constant in the early stages of crystallization because
of the balance between heat released by crystallization
and that lost by cooling. In the first, we will deal with
the early stages of crystallization during melt spinning
as an isothermal crystallization.
Figure 5.14 shows the Avrami plots of In[-ln(l-X/Xoo )]
against In t for take-up velocities eVE) of 10m/min and
40m/min, respectively. Time t of crystallization in the
Avrami plots is usually regarded as the time interval from
the instant (t=O) when crystallization temperature is
attained. For the running filament of melt spinning,
however, the determination of that time is very difficult.
Four cases in Figure 5.14 are chosen as follows: one, t=O
at the time when the filament is cooled to the melting
point; the second, t=O at the time when the crystallization
is apparently observed. The others are arbitrarily chosen
between these two points. In Figure 5.14, the data points
fall upon a straight line for an early stage of crystal-
lization. The results for Avrami's exponent n as functions
-132-
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Figure 5.14 Plot of 1nC-1nC1-X/Xoo)) against InT. Ca),take-
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of the start points in crystallization are summarized in
Table 5.1 in which the start points are given by the time
(to) from the spinneret. Supposing that the start
point of crystallization lies in the time when the crystal-
lization is apparently observed, the slopes and the
intercepts of these lines give values of n=l.l and K=l.l
-1 -1
sec (VE=lOm/min) or K=2.9sec (VE=40m/min). The
exponent n=l is in agreement with results reported by
-133-
Table 5.1 Set of n for the start point of crystallization
V=1Om/min V=40m/min
to(sec) n to(sec) n
9.441 1.1 7.223 1.1
9.370 1.3 7.168 1.4
9.~76 1.5 7.147 1.5
8.863 3.3 6.930 3.1
other investigators for the rate of oriented crystalliza-
13. 14tion of natural rubber and crosslInked polyethylene.
This would imply heterogenous nucleation with concurrent
8
one-dimensional linear growth. The values of the crystal-
lization rate constants of a running filament are much
higher than those of general crystallization. Moreover
the crystallization rate constant at high take-up velocity
is larger than that at low take-up velocity. The results
show that molecular orientation by extension accelerates
crystallization. However, on the assumption that the
start point of crystallization is in the time when the
filament is cooled to the melting point, the value of
n=3 is obtained, which is very similar to the results of
isothermal crystallization from an isotropic melt for
15-18polypropylene.
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5.4.3 Temperature dependence of crystallization rate
constant
Data for crystallization rate constant K and l~near
growth rate constant G have been reported by several
15-20investigators for polypropylene. However, the
temperature dependence of K and G for polypropylene have
not been expressed as a general formula over a wide
temperature range. On the other hand, for poly(ethylene
succinate), natural rubber and nylon-6, this ha~ been
expressed by Takayanagi and Kusumoto. 21 Their method can
be used to determine the temperature dependence of K and
G from existing data for commercial polypropylene. It was
assumed by them that the (Tm/T)(l/~T) law is applicable to
the term of the critical nucleus formation and the
activation energies for transport across the liquid-crystal
interface are proportional to the activation energy of
flow obtained from WLF equation. Then the temperature
dependences of K, G and N can be expressed as .
where p, C1 and C2 are constant, m is an integer that
depends upon the geometry of the growth process, and C3
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5. 7
Z
and C4 are estimated from plots of lnK+mClT/(T-C Z) against
Tm/T~T and lnG+ClT/(T-Cz)z against Tm/T~T. The former plots,
from data for commercial polypropylene obtained by several
investigators are illustrated in Figure 5.15. Here, the
values of T =O°C Z2 and T =184°C 23 are adopted.g m
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Figure 5.15
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'm IT6.Tx 102 (K-1)
Plot of logK+337.5T/(T-22l.4)2 versus T /T~T
m
for commercial PP: ( • ) , Ishizuka15; (0) ,Magil 16 ;
(.A ), Iwanami et al. 17; (A ),Marker at al. 18
Despite all the points in this figure having been
obtained by different methods of many investigators, a
straight line may be drawn through the data points.
ZThe plots of lnG+ClT/(T-C Z) against Tm/T~T can be also
obtained as a straight line. For the isothermal crystal-
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lization of polyporpylene, Avrami's exponent n=3 has been
1 . . 15-18 d' d .reported by severa lnvestlgators an lt woul lmply
a heterogeneous nucleation with concurrent three-dimensional
growth. In this case N in equation (5.8) can be replaced
by the number of heterogeneous nuclei N which may be
similarly dependent on temperature. Both these results
and data are illustrated in Figure 5.16.
M
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'I'~ 10-10
III
:.c:
T(OC)
Figure 5.16 Plots of K (A); G3 (8) and N (C) versus
crystallization temperature T. (----),calculated
from equation (5.8). (_ ) ,Marker et al 18 ;
(0) ,Padden et al 19; (X) ,Hoshino et a1 20 ;
other symbols as in Figure 5.15
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5.4.4 Orientation dependence of crystallization rate
constant
Polymer molecules are considered to be deformed by
deformation of the polymer melt, and their entropy is
usually decreased. The decrease in entropy of the melt
allows crystallization to occur at a higher temperature
than would normally be observed for the same substance in
the absence of any deformation. The effects of G and N in
such a condition have been evaluated for isothermal
crystallization under shear deformation of polyethylene by
24Kobayashi and Nagasawa. In this section, this .theory is
applied to uniaxial deformation of polypropylene.
Assuming a Gaussian chain, the orientation and the
decrease in entropy for the polymer melt with elongation
ratio (A) are given by:
NK 2
f1s =--(A2 +--3)
o 2 A
where n is the mean refractive index of polymer, N is
5.8
5.9
the number of polymer segments per unit volume, and
ul -u 2 is the difference of principal refractive indices.
:25For polypropylene u l -u 2=3.602xlO·' ,and nand N are given
as function of density.
On the other hand, the melting point (Tmo ) in an
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oriented polymer system can be written as:
5.10
The variation of melting point (T
mo
) with non-crystalline
orientation parameter (~n ) is shown in Figure 5.17 for
a
6 3 23~s=3.92xlO erg/em °C. By substitution of T into
rna
700
~
o 600
.....E:
500
o 4 12
Figure 5.17 Melting temperature in oriented system of
polypropylene as a function of non-crystalline
orientation parameter ~n. The line is
a
calculated from equation (5.9), (5.10) and (5.11)
equation (5.8) both the temperature and orientation
dependences of G(T,~na) and N(T,~na) can be obtained.
These results are plotted against T for several different
values of ~ in Figure 5.18. If the horizontal axis iT.
a
Figure 5.18 is replaced by ~ , it is shown in the Figure
a
that G(T'~a) and N(T'~a) increase with increasing ~na.
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Figure 5.18 Variation of G E--) and N (---., with crystal-
lization temperature for various orientation
-3parameters fln (xlO ): (A,E),lO; (B,F),5.7;
a
(C, G), 2.0; (D, H), 0.0
5.4.5 Non-isothermal crystallization in melt spinning
First, we deal with non-isothermal crystallization
of an isotropic melt. The grwoth rate and the number of
nuclei as a function of time from the spinneret can be
estimated from combination of Figure 5.16 with the variation
of temperature in Figure 4.4. Then, assuming that fln (t)
a
is zero in equation (5.7), the degree of crystallinity is
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calculated along the spinline. A plot of the calculated
values against time from spinneret is shown in Figure 5.19
together with the results using the x-ray diffraction
method. Here, in calculating these curves, the values of
8-27·8
t (sec)
102
• • ••
•
•
---------
10°
A
l
~
10-2
B
C
Figure 5.19 Variation of crystallinity along the spinline
for experimental data (. ), theoretical value
(---) in the non-isothermal crystallization of
isotropic melt and theoretical value (----) in
the non-isothermal crystallization of non-
isotropic melt; A,A', three-dimensional growth;
B,B', two-dimensional growth; C,C', one-
dimensional growth
shape factor of equation (5.7) used are kf =4TI/3 for three-
dimensional growth, kf=TIl (1 =150A) for two-dimensional
c c
2growth, or kf =1/2TIdc (dc=lOOOA) for one-dimensional growth.
The calculated curves cannot be reconciled with the
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experimental data. This suggests that the actual crysta1-
1ization during melt spinning occurs extremely fast.
In non-isothermal crystallization of an oriented melt,
the growth rate and the number of nuclei as a function of
time from spinneret can be estimated from combination of
Figure 5.18with Figure 4.4. The degree of crystallinity
is then calculated by using equation (5.7). The results
are shown in Figure 5.19. The parameters utilized in the
calculation are the same as in the case of non-isothermal
~rystal1ization of an isotropic melt. The calculated
curves are still not fitted by the experimental data.
The effect of orientation is apparent, however, by
comparison of the results for non-isothermal crysta1liza-
tion in an isotropic melt.
On the other hand, constant molecular orientation of
the crystalline component (~n ) was obtained throughout
c
the crystallization process (5.3.2). The molecular
orientation of the crystalline component was 0.014 for a
take-up velocity of 40m/min. From this result it may be
inferred that the orientation of 'crystallizable molecules'
is constant throughout the crystallization process. The
degree of crystallinity is calculated assuming that ~na(t)
is constant in equation (5.7). The growth rate, and the
number of nuclei in the melt with constant orientation,
are obtained from Figure 5.18 as functions of temperature.
The growth rate (G[T(t),~na(t)]) and the number of nuclei
(N[T(t),~na(t)]) at a time t from the spinneret can be
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estimated from a combination of the temperature dependence
with the distribution of temperature along the spinline
in Figure 4.4. Substituting G[T(t),~na(t)] and N[T(t),~na(t)]
into equation (5.7), the degree of crystallinity can be
caculated as a function of time from the spinneret. The
results are shown in Figure 5.20. Here, in calculating
7-4
•
7-8
t (sec)
•
A
•
B
c
8,2
Figure 5.20 Variation of crystallinity along the spin1ine for
experimental data (.) and theoretical value
(----) in the non-isothermal crystallization
of non-isotropic melt with a constant crystal-
lizable molecular orientation; A,three-dimen-
siona1 growth,~n =0.004; B,two-dimensional
a
growth,~ =0.0065; C,one-dimensional growth
a
~n =0.013
a
these curves, the following values of non-crystalline
molecular orientation and shape factor in equation (5.7)
are used:~na=0.004 and kf =4TI /3 for three-dimensional
growth; ~n =0.0065 and kf=TIl (1 =lSOA) for two-dimensional
a c c
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growth; ~na=O.013 and kf=1/2TId~ (dc=lOOOA) for one-dimen-
sional growth. In these molecular orientations, the
calculated curves become of the same order as those of
experimental data. In particular, crystallization with
two-dimensional growth provides the best fit to the
experimental data. Then, in the case of non-isothermal
crystallization of a non-isotropic melt with highly
orientea crystallizable molecules, the calculated value
provides a better fit to the experimental data than the
other case (Figure 5.19). Thus these results suggest
that a good many nuclei are produced in the initial stage
of crystallization and successively only highly oriented
molecules can become incorporated into crystallites. In
the initial stage of crystallization, however, overall
birefringence is very small. That is, only a small part
of the supercooled melt can be nucleated and that part
has a higher orientation than the other parts. Further,
only molecules in the supercooled melt which have orienta-
tion comparable to the nucleated crystallites can grow
crystallites throughout the crystallization process in
melt spinning. Hence, it is found that the crystallization
process in melt spinning may be governed by localized
molecular orientation of the supercooled melt in the
very initial stage.
-144-
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6 PREHISTORY IN MELT SPINNING
6.1 Introduction
The molecular structure of polymer melt has been studied
by several researchers. Two different models have been
d 1-4 " h" h h" f 1propose, l.e., one W lC assumes t e eXlstence 0 a me t
structure, namely bundles of parallel molecules in melt l ,2
and the other which is called as the structureless model or
random coil molecules model. 3 ,4 We assumed the existence
of the melt structure and examined it by measuring various
physical properties of the melt and as spun filament obtained
from two different initial structures. From the similar
point of view WalczakS has found that the melt flow properties
are complicately affected by the shearing which the polymer
experimences at the capillary wall. In this chapter, three
polypropylene samples are examined; one which has experienced
the shear deformation in the melt followed by the rapid
quenching and the other two samples which are obtained by
the isothermal crystallization from the dilute solution.
For these treatments, the initial structures of polypropylene
samples are well characterized. Systematic experiments are
carried out to elucidate the effects of the initial structure
or prehistory on the melt viscosity, the die swell and the
spinnability of the melt. The effect of prehistory is also
examined by on-line measurements of the running filaments
having different prehistory. The elongational viscosity of
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a melt having a different prehistory was measured by
isothermal melt spinning ~nd by melt spinning. Crystal-
lization behavior was studied for these samples. The
relationships between crystallization and melt structure
or crystal structure is discussed. The effect of prehistory
on as spun filament is studied by the mechanical properties.
These results are discussed in terms of the entanglement
and the chain folding.
6.2 Exterimental
6.2.1 Sample preparation
The average molecular weight of a row sample was
determined as 1.7xlO S from the intrinsic viscosity, 2.07dl/g
in decalin at 135°C, according to Kinsinger and Hughes's
relation. 6 A prehistory of the shear deformation was
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applied for the sample by a screw extruder at 210°C and
l30kg/cm2 , and the extruded melt was quenched in an ice-
water at the exit of the extruder. In order to make as
sure the prehistory accompanied by the shearing deformation
as possible to the sample, these procedures were repeated
three times. The extruder was manufactured by Shimadzu
Seisakusho Ltd. for research purpose and its barrel diameter
was 20mm with a LID ratio of 25. The die diameter was lmm
and the LID ratio 10.
Half of the extruded sample was freed from the
prehistory glven by the shear strain and quenching by
dissolving it in xylene. The dissolution was made by
keeping the solution at 135°C for two hours. Degradation
of the sample was prevented by adding a stabilizer, Ionol,
in 0.5% to the solution. The stabilizer was also contained
in the commercial polypropylene. 7 Solution growth crystal
was precipitated from the 1% and 10% solution in xylene
kept at 80°C for 12hr followed by the slow cooling to the
room temperature. The crystal suspension was filtered to
remove xylene. The wet crystal aggregates were suspended
in methyl-alcohol to replace xylene with the more volatile
solvent, and then filtered again. These treatments were
repeated several times. The crystal powders were dried at
130°C under vacuum for 24hr and further under high vacuum
for 6hr. No weight loss was observed on the prolonged
drying, indicating the complete removal of solvents, which
was again confirmed by the Infrared spectra.
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The screw extruded filaments having the prehistory
and the solution grown crystal powders free from such
prehistory were compression molded at ISSoC for the elimina-
tion of the shape effect. These samples were referred to
as sample A, sample B and sample BIO, respectively. The
intrinsic viscosity of each sample was determined to
ascertain if the degradation had occurr.ed. Slight molecular
weight ,reduction was observed for the filament and the
powder. However, no difference in the molecular weight
between these two samples was found: the intrinsic viscosity
of sample A, B or BIO was l.9Idl/g and the molecular
S
weight was 1.SxlO. The diagram shown in Table 6.1
summarizes these sample preparations. Weight average
molecular weight (Mw) and number average molecular weight
(~m) of the as-spun filaments of these samples were measured
by a gel permeation chromatograph. The values of Mwand Mn
of sample A 3.0xlO" S- and those of Bare and 2.lxlO , sample
2.9x101 and t-are 2.0x10 .
6.2.2 X-ray analysis
X-ray diffraction patterns were recorded with a
diffractometer in the transmission mode. Monochromatic
Cuka radiation was obtained by using a Ni-filter and
detected by a sinchilation counter and a pUlse height
discrimination. The working condition were 40KV and lOOmA.
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Table 6.1 Sample preparation
Extruded by using screw extruder at 2l0·C and quenched
(Three times)
.---------1 Filament )-------,
Dissolved in 10%
and crystallizedthem
Washed and dried
Dissolved in U
and crystallized them
Washed and dried
Isothermal melt spinning or melt spinning
Pressed at lSO·C
6.2.3 Specific volume measurement
The specific volume was measured by the usual type
dilatometer and the absolute specific volume was evaluated
according to the method of Uematsu. 8 The heating rate was
1°C/min for the temperature range of 20 to 190°C.
6.2.4 Rheological property measurement
The data were obtained with a capillary viscometer.
Its experimental methods were the same as that of chapter 2.
In addition, the diameter of the frozen sample extruded, d,
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was measured using a micrometer. The value of the swelling
ratio B was determined from B=d/D(p /p )1/3, where p and
s m s
Pm were the densities of the polymer solid and the melt,
. 1 9respectlve y.
6.2.5 Melt spinning
The melt spinning apparatus and operation were previ-
ously described in chapters 3 and 4. The melt spinning
temperature was 250°C. The molten polymer was made to flow
through a capillary by a piston motion of a constant speed.
The capillary of the spinneret had a diameter of 2mm and
3L/D ratio of 20 and the extrusion rate was 0.0099cm /sec.
The take-up velocity was 67cm/sec.
The isothermal melt spinning appaTatus and operation
were a modification of that described in chapter 3. The
capillary diameter of the spinneret was 3.3mm and L/D ratio
of 11 and the extrusion rate was 0.0032cm3/sec. The
take-up velocity was 6.67cm/sec. The isothermal zone
length in this chapter was 13cm.
6.2.6 On-line measurement
The on-line measurements of diameter, temperature and
tensile force wer~ carried out by the same method 'as that
in chapter 4. The method of on-line x-ray measurement was
also same as that in chapter 5.
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6.2.7 Static crystallization
The growth rate of spherulites was calculated by
measuring the size of the spherulites as a function of
time during the isothermal crystallization process.
Optical microscopy, using crossed polarizers and two
thermostatted hot-stages, were utilized for this study.
Development of the spherulites was followed by photographing
them at appropriate intervals. Isothermal crystallization
rates of the polymers were determined from the dilato-
metrically measured changes in volume with time.
6.2.8 Mechanical property measurements
The temperature in the shrinkage experiments was
controlled by an oil bath made of glass. The glass tube
within which the sample had been hung was immersed into
the oil bath. The atmosphere in the glass tube was replaced
with nitrogen so as to minimize the degradation of the
polymer at elevated temperature. A weight was attached
to the lower end of the sample. The change in the length
during the temperature rising was read by means of a
cathetometer. The heating rate was 1°C/min. Thermal
shrinkage was calculated according to the formula;
S = 6.1
where 10 is the initial length and IT is the length at
temperature T.
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Tensile properties were derived from data obtained on
a Tensilon tensile testing machine. All tensile tests were
performed under a controlled environmental condition of 20°C
and 65% relative humidity. The 20mm samples were strained
at SOO%/min.
6.3 Characterization of sample
The x-ray diffraction curves for the filament having
the prehistory of shear deformation and the powder free
from the prehistory are presented in Figure 6.1. The
filament having the prehistory shows the lack of sharpness
in the x-ray diffraction pattern (a). This means that
a
10 15 20 25
10 15 25
Figure 6.1 X-ray diffraction curves for the filament
having prehistory (a) and the powder free
from prehistory (b)
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the small crystallites and the imperfections are present
in the crystal. Because of the chain entanglement in the
melt, only comparatively short crystallites can grow from
every nucei and quenching may irihibit crystal growth.
The powder free from the prehistory shows a sharp diffrac-
tion pattern (b), indicating large and relatively perfect
crystals are obtained. In the solution growth crystals the
molecules have been shown to be folded back and forth along
layers formed by a growing surface, and it must be presumed
that each longchain molecule is rather completely fitted
into the crystal in a conformation of long folded sequence.
This is possible because the molecules have been well
separated in the dilute solution, and can extract themselves
completely from entangled molecular mass so as to fit into
the crystal.
The x~ray diffraction patterns for samples A and B
are shown in Figure 6.2. These data show the annealing
effect accompanied by the compression molding. Sample A
is much more subject to annealing than sample B, and the
sharpness of (110),(040) and (130) reflections which
diffract from the plane perpendicular to the c-axis is
similar for each sample. However, in the (111), (131)
and (041) reflections which can relate the plane in the
c-axis directions, the peak of sample B is more separable
and more sharp than that of sample A. Then we find that
the difference in prehistory still remains in spite of
annealing at IS0°C.
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10
10
Figure 6.2 X-ray diffraction curves for sample A Cc)
and sample B Cd) pressed at 150°C
Further characterization of the sample A and B was
made by the temperature dependence of the specific volume.
The results are shown in Figure 6.3. Over the temperature
range below melting point, the specific volume of sample A
is larger than that of sample B. Sample A shows lower
crystallinity which may be caused by the residual of the
different prehistory. The filament which was quenched
from the shear deformed melt has the small crystallite and
the annealing treatment allows the increase in the crystal-
linity. However, in sample A the small crystallite and
the crystal distortion still exist now. Then it leads to
a wide distribution of the crystallite and results in
beginning of melting at a lower temperature (Figure 6.3).
Krigbaum and Uematsu lO have shown that the variation
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Figure 6.3 Plots of specific volume against tempera-
ture for sample A (0) and sample B CA.)
of the degree of crystallinity of unoriented, semicrystalline
polymers with temperature can be predicted by. a statistical
consideration. They assumed that, when a polymer chain
approaches a growing crystal face, the portions of the
chain deposited between tie-points are initially in their
unperturbed conformations. It was then possible to
demonstrate that subsequent crystallization process.
The degree of crystallinity w at temperature T is given
by;
(_1_) 2
l-w
2Nn liHf[(1 _ w)l 1]
= 3R liHfP T - T~ 6.2
where N is the number of statistical links in the initial
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chain between tie points, ~Hf is the molar heat of fusion
per statistical link, R is the gas constant, TO is the
m
thermodynamic melting temperature, E is the energy necessary
to form the chain fold and p is the number of statistical
links in one crystal fold length. The values for the
degree of crystallinity were estimated through use of the
specific volume relationship of Dannusso et al. 9 for
crystalline and amorphous polypropylene. The results
obtained for samples A and B are shown in Figure 6.4 as
(1-w)-2 against T- l plots. A straight line is drawn
through the data points for each sample. Parameter N
20
N
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Figure 6.4 Data for the degree of crystallinity w
-2 -1plotted as (l-w) versus T for sample
A (0) and sample B (.4)
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can be estimated from the slope and the intercept on the
abscissa. Upon setting the values T;=457°K and ~Hf=1.9
kcal/mol,ll we obtain from Figure 6.4 the value for the
average number of repeating units between nuclei N. The
results are given in Table 6.2 for samples A and B. The
values for sample B free from prehistory are about two
times of that for sample A. Therefore in sample A, the
concentration of nuclei is high and anyone molecule
passes through many crystalline and noncrystalline regions.
This provides the following interpretation that in crystal-
lization from the shear deformed melt, the entanglement of
the molecules will prevent their complete separation from
the bulk of the material and it will only be possible for
comparatively short sequences to be fitted into the crystal.
Table 6.2 The avera~e number of repeating nuits between
nuclei (N), and the breaking take-up velocity
(Vb) and standard deviation of that (s)
Sample N
A 118
B 201
~ s
m/min m/min
748 120
953 136
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6.4 Melt properties
6.4.1 Shear viscosity in melt
The viscosity-shear rate relationships for samples
A and B are shown in Figure 6.5. It may be seen that both
of the viscosities are decreasing functions of shear rate
and at any shear rate the viscosity of sample A is larger
than that of sample B. The difference in the viscosity is
greater in the low shear rate range than in the high
shear rate one. It is well known that the zero shear
viscosity is governed by the 3.4 power dependence on the
molecular weight M above the critical molecular weight. 12
Figure 6.5 Steady-state apparent shear viscosity as
a function of the rate of shear for sample
A (0) and sample B (A). Solid surves are
the superposed standard curve (see text for
detail)
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The M3 . 4 dependence of polymer melt is thought to be due
to the existence of entanglements, or temporary physical
junctions among different polymer molecules. However,
sampl~A and B have the same molecular weight as obtained
by the intrinsic viscosities. In spite of this fact,
sample B free from prehistory has small zero shear viscosity,
indicating that, even with the same chain length, fewer
entanglements exist in the melt of sample B. As noted in
previous section, a molecule of sample A may traverse many
different crystallite while a molecule of sample B may be
folded and get into a crystal. This difference yet remains
after the melting. That is, a molecule in the melt of
sample B is less interactive with other molecules by the
entanglements, leading to a smaller zero shear viscosity.
Though both samples have the same molecular weight (l.SxIO S)
determined from their intrinsic viscosities, the apparent
molecular weights deduced from their zero shear viscosities
are different. Now, let us assume that the molecular
weight of sample A is 1.SxlOS and the zero shear viscosity
is proportional to 3.4 power of molecular weight. Then
the apparent molecular weight of sample B is obtained as
51.2xlO .
Bueche and Harding 13 has also analyzed the shear rate
dependence of viscosity and estimated the molecular
weight. They predict that a single universal curve will
- --1
result if logn/n o is plotted against log(£·£O ), where
-n is the measured viscosity at a shear rate £, and nO is
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the viscosity at essentially zero shear rate. The quantity
-1 2EO is a molecular constant equal to l2noM/TI RT. The
universal curve can be represented by the following relation:
6.3
One can superpose the experimental plot and the universal
curve; Figure 6.5 shows this for the two samples. The
zero shear viscosity nO and the quantity EO which locates
the onset of shear rate dependence can be evaluated by
the superposition. The values of ~O and EO for sample A
5 -1
are 1.35xlO poise and 0.56 sec ,and those of sample B
are 6.lxl0 4 poise and 1.7sec- l . The molecular weight for
samples A and B are estimated to be 4.lxl0 5 and 2.8xl0 5 ,
respectively. These values are much larger than average
molecular weight obtained from the intrinsic viscosities.
Bueche and Harding13 has also shown that for polymers
having wide molecular weight distribution, the molecular
weights found by this method are higher than the weight
average ones. The larger values found above may be due to
this effect. However, as shown in this section, we stress
that the difference in the molecular overlap and the
entanglement between sample A and B gives rise to a differ-
ence in the apparent molecular weights, the former value
being about 1.5 times of the latter. It is also noted
that the shear rate at the onset of non-Newtonian flow for
sample A is smaller than that for sample B.
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6.4.2 Die swell
Die swell data for samples A and B were obtained over
ranges of the ratio of capillary length to radius (LID)
and shear rate. It is known that the swell rato is
dependent on both LID ratio and molecular features.
The dependence of swell ratio on LID ratio is accounted
for by a relaxation process and can be expressed as a
dependence on the residence time in the die. 14 - l6 This
is shown in Figure 6.6 in which the swell ratio is plotted
against the die residence time for the various experimental
15
- '~.\" .
":~~. 0..0..
1DL---L ---:L-__....:..--1_...J
024
log tr (sec)
Figure 6.6 Die swell ratio as a function of die
residence time (t ) for sample A (0)
r
and sample B (A)
conditions. The swell ratio decreases with the residence
time in the die and the results for a series of LID ratio
can be represented by a single curve. It is clearly
shown that the die swell for sample A having prehistory is
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larger than that for sample B free from prehistory over
the whole residence time. In general, the molecular
feature which tends to increase entanglements also has a
tendency toward the higher swell ratio, because it results
in the large elastic recovery. This is because the melt
of sample B is free from prehistory and hence contains a
fewer number of the entanglements.
6.4.3 Breaking in melt spinning
The breaking take-up velocity was previously studied
with attention to the dependence on molecular weight. 17 ,18
The results showed that in the higher molecular weight
region where cohesive fracture was found, the velocity
decreased with molecular weight and the elongational stress
was the determining factor. The average values and the
standard deviations of the velocity measured for samples A
and B are given in Table 6.2. Sample B gives a larger
value of the velocity than sample A. This may be attributed
to the good spinnability and the good fiberforming quality
of sample B, which may correspond to the smaller molecular
weight. 17 Ziabicki and Takserman-krozer l9 analyzed the
physical process which can lead to fracture of fluids.
According to this analysis, the cohesive fracture which
determines the thread length increases with cohesive
energy density and decreases with deformation gradient
and with relaxation time. In this study, the deformation
gradient for sample B is larger than that for sample A.
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Therefore, sample B may possess either a larger cohesive
energy density or smaller relaxation time. The latter
reason is the same for the onset of non-Newtonian flow in
the melt viscosity.
6.5 Isothermal melt spinning
A typical diameter profile in isothermal melt spinning
is shown in Figure 6.7. The solid line indicates the
Figure 6.7 Variation in filament diameter along the
spinline in isothermal melt spinning for
sample A (0), sample BIO (x), and sample
B (A)
data within the isothermal zone. The diameter profiles for
samples A, B, and BIO are similar. However, lthe swell ratio
of sample B is slightly smaller than that of sample A.
The swell ratio of sample BIO is intermediate between
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samples Band A. The filament attenuation process for
sample B is more rapid than that for sample BID, and that
for sample BID is more rapid than that for sample A in
the isothermal zone. Thus, the elongational strain rate
for sample B shows the value in the isothermal zone larger
than that for samples BID and A. When the length of the
isothermal zone was extended, the molten filaments broke.
Thus, we could not find the experimental conditions such
that samples with the fUlly developed elongational flows
could be obtained. Such experimental conditions, however,
could be found for higher-molecular-weight polypropylene
of chapter 3.
Figure 6.8 illustrates the variation in elongational
viscosity with the elongational strain rate for samples
A, B, and BID. The elongational viscosity decreased with
strain rate, and in the case of sample B the viscosity
had a constant value at a higher strain rate. At a lower
strain rate, the elongational viscosities were in the
order sample A>sample BID>sample B. The relationship
between samples A and B is similar to that in shear
viscosity versus shear strain rate.
The smaller values for the elongational viscosity
of sample B relative to sample A indicate that a molecule
in the melt of sample B is less interactive with other
molecules, as a result of fewer entanglements.
The elongational viscosity for sample BID is inter-
mediate between those for samples Band A. Sample BID was
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Figure 6.8 Relationships between elongational viscosity
and elongational strain rate in isothermal
mel t spinning for sample A (0), sample BIO
(X), and sample B (A)
prepared by dissolution in a 10% solution of xylene and
by being crystallized from this solutions; sample B was
prepared from a 1% solution of xylene.
The difference in solution concentration (1% and
10%) affects the elongational viscosity in the melt.
Moreover, the viscosity of sample BIO prepared from a 10%
solution of xylene shows a larger viscosity value than that
of the 1% solution, being rather close to that of sample A
which has a prehistory of shear deformation. It is
considered that the molecules in the 1% solution are well
separated and can extract themselves from solution so as
to fit into the crystal, but in the 10% solution such
separation and extraction is incomplete. These differences
in solution still remain ever after melting. The melt
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of sample BID is richer in molecular entanglement and
yields a higher elongational viscosity than sample B.
6.6 Running filament in melt spinning
6.6.1 Elongational behavior
The filament diameter and the elongational strain
rate versus distance from the spinneret in melt spinning
are shown for samples A and B in Figure 6.9. Observation
reveals that filament attenuation proceeds thro~gh three
strages. The first stage is in ~he vicinity of the
spinneret (-lDcm). The second stage is the region from
IDcm to 3Scm, and the third stage is that region from 3Scm
up to the take-up position.
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Figure 6.9 Variation in filament diameter and elonga-
tional strain rate along the spinline in
mel t spinning for sample A (0) and sample
B (4)
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In the first and the third regions, no significant
difference in filament diameters for samples A and B can
be detected, nor is it measurable. In the second region,
the filament diameter profiles and that of the elongational
strain rate for sample A differ significantly from those
for sample B. The attenuation of sample B is rapid at a
point nearer to the spinneret in the second region, compared
with that of sample A. The features of the diameter
profile in melt spinning are the same as those shown
isothermal melt spinning. The elongational strain rate
of sample B shows a value larger than that of sample A
at a point nearer the spinneret in the second region.
The maximum position of strain rate for sample B is situated
at a shorter distance from the spinneret than that of
sample A. The positions indicating the very small values
of strain rate are almost same for both samples.
Figure 6.10 shows the elongational viscosity versus
the distance from the spinneret in. melt spinning for
samples A and B. The elongational viscosity for sample B
is smaller than for sample A in the first region. The
larger strain rate of sample B in this region (Figure 6.9)
is brought about by this small elongational viscosity.
This behavior of samples A and B in melt spinning is the
same as that in isothermal melt spinning, suggesting
that molten sample B possesses a smaller content of
molecular entanglement than sample A. On the contrary,
the elongational viscosity in the far region situated 20cm
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Figure 6.10 Variation in elongational viscosity along
the spinline in melt spinning for sample
A (0) and sample B (~)
from the second region of sample B is higher than that of
sample A. This higher elongational viscosity causes the
small strain rate of sample B in this region (Figure 6.9).
In the third region the elongational viscosity of sample
B is almost same as that of sample A.
6.6.2 Temperature distribution of the running filament
Filament temperature versus the distance from the
spinneret is shown for sampes A and B in Figure 6.11.
The filament cools rapidly in the first and the third
regions of the preceding section and in these regions, no
difference in temperature distribution between samples A
and B could be detected. In the second region, the cooling
curves for samples A and B manifest the different features.
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Figure 6.11 Temperature distribution of running filament
in melt spinning for sample A (0) and
sample B (4)
The running filament for sample B cools slowly but for
sample A, this cooling is initially rapid and then reaches
a plateau region. This pronounced difference between
sample A and B in the second region also occurs in the
case of the filament diameter and strain rate. The
filament diameter for sample B was smaller than that of
sample A in the second region (Figure 6.3). This smaller
filament diameter results in rapid cooling. Therefore,
it is expected that sample B has a lower filament temper-
ature than sample A. In actuality, the measured temperature
for sample B is larger than that for sample A. It is
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thus necessary to take into account factor other than the
cooling rate.
Figure 6.12 shows a plots of e1ongationa1 viscosity
as a function of the reciprocal of temperature. It can
be seen that at higher temperatures the e1ongationa1
viscosity for sample A is larger than that for sample B;
the presence of entanglements may have an effect. At lower
temperatures (the second region), the e1ongationa1 viscosity
for sample A is runs counter to expection from prehistory
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Figure 6.12 Relatiohships between elongational viscosity
and the reciprocal of temperature for
sample A (0) and sample B (A) in melt
spinning
and is smaller than that for sample B at the same temper-
atures. These results suggest that a significant difference
in flow structure between sample A and B exists in the
second region.
-172-
6.6.3 Crystallization behavior
In the first region of the spinline, x-ray diffraction
curves show halos for both samples A and B, meaning that
the running filaments are still molten and have not yet
crystallized in this region.
Typical x-ray diffraction curves of samples A and B
in the second region are shown in Figure 6.13. At 20cm
from the spinneret, the x-ray diffraction curve for sample
A is a halo and that for sample B shows a-phase crystalline
peaks. It is clear that the crystallization for sample B
starts earlier than that for sample A. At 30cm from the
spinneret, the x-ray diffraction curves show well developed
crystalline peaks for both samples and the degree of
Figure 6.13 X-ray diffraction curves of running filament
at distances of 20cm and 30cm from the
spinneret for sample A and B
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crystallinity at 30cm is 2/3 of that for the take-up
filament. No difference in x-ray diffraction curves
between samples A and B is recognized at 30cm. The
residence time from 20cm to 30cm is about O.lSsec. The
first half of crystallization proceeds very fast for both
samples but the crystallization rate for sample A is faster
than that for sample B. Namely, although the start of
crysta}lization for sample A is retarded, the progress of
crystallization for sample A is more rapid than that of
sample B in the first half of the crystallization process.
This fast progress of crysta11i 4ation for sample A makes
way for the following interpretation, that more entangle-
ments or tie points of sample A under e1ongationa1 stress
increase the orientation of the chain and enhance the
difference in entropy between the melt and the crystal.
This reduction of the entropy results in a rapid accelera-
tion of the crystallization transformation. However, the
earlier starting of crystallization of sample B cannot be
intuitively explained on the basis of the effect of
e1ongationa1 deformation on the nucleation rate or crysta1-
growth rate.
In the third region, the running filaments are
crystallized slowly and the degree of crystallinity
reaches a constant value (=60%) at 70cm from the spinneret.
The latter half of the crystallization process in running
filament is the same in both samples.
X-ray diffraction results for sample A are almost
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the same as those for the commercial pellets in chapter 5.
The diameter profile and the temperature distribution for
sample A differ from that for sample B in the second
region, and in the third region, no difference in the
diameter profile and in the temperature distribution for
both samples can be recognized. Therefore, results for
samples A and B obtained by dif~erent measuring methods are
compatible with each other.
Figure 6.14 shows the plots of the degree of crystal-
linity versus temperature of running filament. Sample B
slowly crystallizes over a wider range of temperature and
sample A crystallizes to a great extent at a constant
temperature. The explanation for this is that following
the onset of crystallization the effect of e1ongationa1
deformation on the molecular 'orientation of sample A is
larger than that for sample B. This molecular orientation
accelerates the crystallization of sample A. The rapid
progress of crystallization for sample A results in
large release of crystallization heat. The filament
temperature for sample A may thus be kept constant because
of the balance between heat release by crystallization
and that lost by cooling. Actually, the temperature of
sample A in the second region shows a constant value in
Figure 5.
A further feature shown in Figure 6.14 is that sample
B starts to crystallize above 100°C and sample A starts
to crystallize below this temperature. This is difficult
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Figure 6.14 Plots of crystallinity of running filament
versus temperature for sample A Co) and
sample B C£)
to explain merely by the effect of orientation on crystal-
1ization, since sample B is free from deformation prehistory
and possesses fewer entanglements or tie points than sample
A.
Sample B crystallizes at a higher temperature and
becomes a mixture of crystallite and supercooled melt at
a higher temperature than sample A. This mixture of
sample B at a higher temperature yields high viscosity
in the latter half of the second region. This explains
the rapid increase in viscosity for sample B at higher
temperatures (Figure 6.12) or a point nearer to the
spinneret (Figure 6.10). This higher viscosity causes
the attenuation to become more rapid near to the spinneret
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(Figure 6.9). The slow start of crystallization of
sample A prevents a rapid increase in viscosity (Figures
6.10 and 6.12).
6.6.4 Crystallization rate constant
In order to study the development of crystallinity
in a quiescent polymer melt for samples A and B, two
types of experiments were carried out. One was concerned
with assessing the isothermal rate (K) at which the total
amount of crystallinity develops from a supercooled
liquid and is measured by di1atometry. The other was the
direct determination of the isothermal rate of spheru1ite
growth (G) by means of light microscopy. Temperature
dependence of the total crystallization rate constant
and the growth rate constant are shown in Figure 6.15,
along with theoretical curves (chapter 5).
To discuss the influence of prehistory, namely melt
structure, and that of crystal structure on the crysta1-
1ization process, it is convenient to separate the crystal-
lization rate constant and the growth rate constant
expression into three parts:
log K=log K- toE toF
0 kf- kf
6.4
log G=log G- toE' toF'
0 IT - KT
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Figure 6 .15 Plots of crystallization rate constant (K)
and growth rate constant (G) versus crystal-
lization temperature for sample A (A, 0)
and sample B (4,.). Solid line is theoret-
ical curves
The last two terms in both equations represent the
effect of free energy for activation on the transport of
crystallizing units across the phase boundary and formation
of the critical size nucleus. The first term is independent
of the melt and crystal structures.
The third term is a dominant factor in either the
higher temperature or lower supercooling range, for which
expermenta1 data in the quiescent melt are shown in
Figure 6.15. The free energy for forming critical nucleus
is divided into the heat of fusion, the term concerning
entropy of fusion, and the interfacial free energy at a
20
constant temperature. The difference in the former two
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factors between samples A and B is little because the
melting temperatures is the same for both samples. While
in succeeding section it will show that sample A tends to
growth in the form of a fringed micellar crystal and sample
B, in the form of a chain-folded type crystal. The
difference between the two crystal growth types mainly
appears in the interface free energy of the surface,
especially in the end surface free energy Cae)' It has
been also considered that the end surface free energy of
the fringed micellar nucleus (which prevails in sample A)
is larger than the corresponding quantity for folded
1 . ( h· h . 11 . 1 . 1 B) 20, 21 Thnuc e1 w 1C W1 preva1 1n samp e. us, one
may expect that the crystallization constant and growth
rate constant for sample A are smaller than those for
sample B. However, these differences are hardly recogniz-
able, except for the lightly larger value in the growth
rate constant of sample B. This is explained by the fact
that at a much lower supercooling temperature corresponding
to the right region of the maximum in curves in Figure 6.15,
crystallization requires a long enough time to disentangle
the long chain molecules and to transform these molecules
from supercooled melt to the crystal form. During the
slow crystallization process, the prehistory of samples A
and B in melt disappears and no difference in crystalliza-
tion rate constant is observed.
At a larger supercooling temperature corresponding
to the left region of the maximum in curves in Figure 6.15,
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the second term in equation (6.4) becomes more important.
The different melt structure affects the second term
related to the transport of long chain molecules from the
melt to the crystal surface. The melt viscosity of sample
B is smaller than that of sample A. In the crystallization
process, the viscosity of sample B is considered to be
small and the transport of crystallizing molecules occurs
more readily in sample B than in sample A. Thus, the
crystallization rate constant for sample B is expected to
be larger than that for sample A, but no experimental data
in this temperature range could be obtained.
The crystallization of the running filament occurs
within 90-ll0 o C and is situated slightly at the right of
the maximum in curves in Figure 6.15. Since the tempera-
ture corresponding to the maxima of the crystallization
and the growth rate constants shifted to a higher temper-
ature in the case of crystallization from or.iented melt,
the crystallization of the running filament can almost
be regarded to occur at the temperature at which the curves
shifted. At this temperature, both the second and the
third terms are important and the time required for
crystallization is very short. The second term is closely
associated with the melt viscosity or melt relaxation time.
The melt of sample A has a higher viscosity (Figure 6.8)
and its relaxation time is larger than that of sample B.
The mo1ecu1ares of sample A are not thus considered to have
sufficient mobility in the time scale of crystallization
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to proceed from the melt conformation to the chain folded
macroconformation. This results in the fringed micellar
type crystallization of sample A, and well explains the
difference in physical properties of the spun filaments
for samples A and B which will be presented subsequent
section. Since sample B is considered to have few inter-
penetrated molecules, it tends to crystallize with the
chain folds. The ease of molecular movement for the
molten sample B hastens its crystallization. Furthermore,
the end-surface free energy of the fold type crystal is
smaller than that of the fringed micellar crystal. The
small end-surface free energy of sample B accelerates the
start of crystallization. This explains well the higher
crystallization rate of sample B at higher temperatures.
6.7 As-spun filament
6.7.1 Thermal shrinkage
By raising the temperature of as-spun filament up to
its melting point, the dimensional change takes place due
to the disorientation of the polymer chain. The thermal
shrinkage data for filaments A and B are given in Figure
6.16 for the temperature range where we find the same
birefringence, ~n=O.OI, for both filaments. The thermal
shrinkage begins at 160°C and level off at 170°C under
the lightest weight, Z.5xI0- 5g/D. The crystallinity in
the temperature range is changed from 50 to 5% as shown in
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Figure 6.16 Plots of the shrinkage as a function of
temperature for sample A and B with various
weights applied.
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Figure 6.3. The filament starts to shrink by the melting
of small crystallite and reaches to the maximum shrinkage
at about the melting temperature. No significant difference
between filaments A and B is observed in their thermal
shrinkage. However, when weights are added to the sample
in the thermal shrinkage experiment, the difference between
filament A and B becomes detectable in the dimensional
change. The overall contraction of filament A is larger
than that of filament B. When the weight is removed, the
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filament shrinks up to the value given by the uppermost
curve. Therefore, sample B may possess a structure
that can easily be elongated by a small weight. In sample
B, one polymer molecule may be included in one c~ystallite
or in other words, the regular fold type crystal may be
present. After the melting, the molecules in sample B
may not spread out to form appreciable amount of entangle-
melt, i.e., the filament may result in only small amount
of the lock or tie point. Therefore, filament B is readily
elongated by the small weight. Under this condition, non-
crystalline regions of filament B behave rubbery; the
relatively shorter end to end distance of the molecule
becomes statistically more probable, hence the filament
shrinks.
Treloa1 2 has considered a stress-elongation relation-
ship for an idealized random chain by differentiating the
stress with respect to the chain end separation;
6.S
where n is the number of links in the equivalent random
chain, P is the number of chain per unit volume, a is
elongation ratio, and L-ICx) represents the inverse
Langevin function. Assuming that the number of monomer
units in the equivalent link is ten, the value of P is
given by P=N /lOnM. Then, if the stress-elongation
a m
relationship is obtained, the number of links or the chain
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molecular weight between tie points or between crystallites
can be estimated. Considering that, at a given temperature
in Figure 6.16, the initial length is given by LO=100-S
in thermal shrinkage curve and the length at the weight
W is given by L=100-S , the e1ongationa1 ratio.a is
w
determined by L/LO. Substituting these values into equation
(6.5), the values ofn are obtained as given by Table 6.3.
The vaLue is increased with increasing temperature because
of the progress of the melting. Filament B shows larger
values of n than filament A in the whole temperature range.
These results show that filament A possesses more tie
points and also a molecule in filament A goes through
more crystallites than filament B. These are in accordance
with what we have discussed in the previous sections for
the structures of sample A in comparison with sample B.
Therefore we may conclude that even after the melt spinning,
the characteristic features remain in each filament.
Table 6.3 The number of links in the chain between tie points
Temperature DC 162 163 164 165
n
Sample A
Sample B
7.6
18
21
57
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76
160
287
453
6.7.2 Tensile properties
A typical set of stress-strain curves for filaments
A and B is shown in Figure 6.17. Here, the spinni~g was
made under the take up velocity of 40m/min and spinning
temperature of 230°C. The stress-strain curves for the
samples under different take up velocity were similar in
shape. The general shapes of the curves are alike for both
filaments. However, under any strain, the stress for
filament A is larger than that for filament B, especially
1.5
A
b
oO~-""':'2=:50:-----=500~-~7.l:-50--,....l.OOO--l
r (%)
Figure 6.17 Typical stress-strain behavior of filament
A and B prepared with the take-up velocity
of 40m/min
the maximum stress at yield point and the breaking stress
for filament A are larger than those for filament B.
The plateau strain for filament B is more flat.
Figure 6.18 shows the Young's modulus for filaments
A and B determined by the initial tangent of the stress-
~ 185-
-10
3o.--------------,L.()~
~o
°
_25 / -30
e ~ ~.~. _
S!20 /:/ -20 t
w ii10 / >-
15~~~""."A.~~-10L--~b--~E.:=:==-J.~0
o 100 200 300
V (m/min)
Figure 6.18 Variation with take-up velocity of the Young's
modulus (E) and the ratio of the stress at
upper yield point to that after the drop (Y)
for filament A (0. A) and filament B (•• £)
strain curve. The Young's modulus is increased with
increasing take-up velocity. The value of the Young's
modulus are higher for filament A than for filament B for
the whole take-up velocity range. The higher Young's
modulus of filament A may be related to the larger amount
of the tie molecule,23 because the crystallinity and the
orientation are similar for both samples. These considera-
tions correspond with the one in the foregoing section.
Further feature in Figure 6.17 is a sharp fall in
stress from an-upper to a lower jield point. The initial
fall in stress is associated with the formation of the
neck which propagates along the sample as it is drawn at
the constant load corresponding to the drawing stress.
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6.6
The ratio of the stress at the upper yield point to that
after the drop, Y, is also shown for both filaments in
Figure 6.18. The values of Yare decrease with increasing
take-up velocity and are larger for filament B than for
filament A. For filament B necking may more easily occur.
Necking has been explained by the chain unfolding from
the chain folded crystal perpendicular to the drawing
direction. Then, above observations mean that filament B
contains a larger fraction of a*-axis oriented crystallite
than filament A. The fraction, Nf , can be obtained by 24
Icos2ljJa-sin2e
Aa-;=::::::;::;:=:::::::::::;::;:-Icos2ljJe-sin2e
where A is the intensity of equatorial maximum and A
e a
is the intensity of the reflection from a*-axis oriented
crystal, which shows the four-point diagram in azimuthal
scan of (110) reflection. The results are shown in
Figure 6.19. The decrease in the value of Nf with the
take-up velocity corresponds to the decrease in the ratio
of stress at the upper yield point to that after the drop
(Figure 6.18). As expected, the fraction of a*-axis
oriented crystallite for filament B is larger than that
for filament A. Then, filament B, which is spun from the
sample of the solution growth crystal, may be more rich in
the folded crystallite, even after the melt spinning.
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Figure 6.19 Variation with take-up velocity of the
a*-axis oriented crystallite fraction (Nf )
for filament A (0) and filament B (A)
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7. CONCLUSION
The major purpose of this study was to understand
elongational flow from a structural point of view. This
involved the experimental study of elongational viscosity,
the crystallization process under elongational flow and the
effect of melt structure on elongational flow and the
crystallization process.
The introductory chapter 1 outlines the tenor of this
study.
In chapter 2, the elongational experiment at a constant
strain rate was carried out to clarify elongational
viscosity of polymer melt. The apparatus was an
elongational rheometer with a pair of rotating clamps; the
elongational force and diameter of the elongated samples
were measured simultaneously. Elongational viscosity (A) -
time curves could be divided into two parts: linear part and
non-linear part. The linear part, which appeared at a small
strain, was shown as a common curve in elongational
viscosity for various strain rates. The data in the linear
part (AI) could be sufficiently explained by a linear
viscoelastic theory; the curve gave values three times of
the shear viscosity-time curve at a low strain rate. The
non-linear part, which appeared at a large strain, was shown
as the deviation from the linear curve to the larger values.
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The non-linearity parameter (A ) in elongational viscosity
n
was defined by An=A/A 1 . Then the non-linearity parameters
were almost independent of strain rate and could be written
as
A = exp(ay*)
n 7.1
where a is a constant which shows the intensity of the
non-linearity and y* is the effective strain and is given
by:
r* = y - y , y>y
c c
y* =0 , y<y
- c
7.2
where Yc is the critical strain determined as the onset of
non-linearity. The critical strain was almost independent
of temperature and molecular weight.
In chapter 3, elongational viscosity was investigated
by an isothermal melt spinning method. Elongational
viscosity was observed to decrease in the vicinity of the
spinneret and then remained constant before increasing along
the spinline. The increase in elongational viscosity did
not occur within the isothermal zone until elongational flow
was fully developed. The onset of an increase in
elongational vtscosity was determined by the constant total
elongational strain and agreed with the results at constant
strain rate experiments. Its increase in elongational
viscosity is explained by the flow structure change which
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implied an increment in the efficiency of the entanglement
coupling. The degree of molecular orientation was also
studied by birefringence measurements and was investigated
as a function of elongational stress. At a high
elongational stress, the relation between birefringence and
stress departed from linearity and exhibited a rapid
increase which can be related to the increase in
elongational viscosity.
In chapter 4, melt spinnings of polypropylene and
inorganic glass were carried out. First, elongational
viscosity of polypropylene, which was non-Newtonian and was
increased with time in an isothermal condition, was measured
by a non-isothermal melt spinning. Elongational viscosity
increased with time along the spinline and was similar to
results in previous chapters. It could be concluded that a
non-Newtonian effect was important to the elongational flow
in melt spinning. Next, melt spinning of glass being
treated as Newtonian fluid was studied. For lower take-up
velocity, the logarithm of elongational viscosity was
proportional to the inverse of absolute temperature and was
independent of either output velocity or spinning
temperature. For higher take-up velocity, however, the
above proportionality does not hold. Elongational flow of
the molten glass during spinning was found to be
non-Newtonian. Finally, the molecular orientation, which
was induced by the elongational deformation, was measured
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along the spinline in polypropylene melt spinning. The
relationship between birefringence and stress was expressed
by two different straight. lines: in polymer melt ~n=8.3xlO-lla
and in take-up filament ~n=zxl05aO.3. Using the
extrapolation technique, the point of intersection of two
straight lines yields value of a=4.4xl08dyn/cm, ~n=36xlO-3.
The former is very similar to the value for the breaking
stress auring melt spinning and the latter agrees favorably
with the value for the maximum birefringence of
polypropylene.
In chapter 5, melt spinning experiments of
polypropylene were carried out to investigate the
crystallization behavior under elongational flow by x-ray
diffraction curves. The variation of lattice spacing along
the spinline agreed with the temperature dependence of
lattice spacing in bulk sample. The crystalline orientation
factor and the fraction of ~ -axis oriented crystallite were
not changed throughout the crystallization process. An
increase in crystallinity was completed within about 0.5 to
lsec, and the first half of crystallization proceeds under
the elongational deformation. An increase in crystallite
size was similar to that in the crystallinity along the
spinline. Considering the constant thickness of crystallite
in the c-axis direction, the crystallite volume turned out
to be directly proportional to the crystallinity. Hence it
was found that the crystallization during melt spinning was
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governed mainly by crystallite growth. The crystallization
kinetics of running filaments in melt spinning were studied
for three cases: isothermal crystallization of an isotropic
melt, non-isothermal crystallization of an isotropic meit,
and non-isothermal crystallization of a non-isotropic melt.
Calculated curves for non-isothermal crystallization of a
non-isotropic melt with partial high orientation closely
approximate the experimental data. The crystallization
processes in melt spinning may be governed by localized
molecular orientation of the supercooled melt in the initial
stage.
In chapter 6, in order to study the effect of melt
structure, three polypropylene samples (sample A, B, and
BlO) having different prehistory were prepared: sample A was
prepared by quenching the melt screw extrudated, and samples
Band BIO were prepared by isothermal crystallization from
1% solution and from 10% solution in xylene, respectively.
The results of the melt viscosity, die swell and
spinnability of the melt showed differences according to the
differences in prehistory: the melt properties were affected
by the difference in entanglement between samples with
different prehistory. The effect of prehistory on
elongational viscosity and on crystallization were studied
by an on-line measuring method in isothermal melt spinning
and in melt spinning. Elongational viscosity was in the
order sample A>sample BlO>sample B. The difference in the
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results of on-line measurements between samples A and B were
evident in 'the second region' along the spinline which was
the region from IOcm to 3Scm below the spinneret. The
crystallization for sample B begined at a point nearer to
the spinneret or at higher temperature than that for sample
A, but the progress of crystallinity for sample A was more
rapid than that for sample B. These results were compared
with th·e data of quiescent crystallization, and were
discussed in terms of the differences in melt structure. It
was found from the measurements of thermal shrinkage and
tensile testing that as spun filament A had a larger
fraction of tie chain and that as spun filament B was rich
in the fold type crystal fraction.
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NOMENCLATURE
cross-section area
adjustable parameter of constitutive models
adjustable parameter of BW model
shift factor
Finger strain tensor
drag coefficient
specific heat
constant
capillary diameter
crystallite size
diameter
diameter at time zero
d-spacing
relaxation modulus, Young's modulus
activation energy
force
rheological e1ongational force
gravitational contribution to force
surface tension contribution to force
skin-friction contribution to force
inertial contribution to force
take-up force
measuring force
molecular orientation
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crystalline orientation
orientation of non-crystalline parts
total orientation
rate of growth
acceleration of gravity
relaxation spectrum, height of glass head
intensity of (hkl) reflection
heat of fusion
crystallization rate constant
orientation parameter
shape factor
distance between clamps,capillary length,
distance between spinneret and take-up roller
length of sample, distance from spinneret
initial length of sample
molecular weight
memory function
number of segment per unit volume
number of links in chain between tie points
fraction of at-axis oriented crystallite
rate of nucleus
number of heterogeneous nuclei
number of links in chain between time point,
Avrami constnat
birefringence of running filament
birefringence of non-crystalline region
birefringence of crystalline region
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x
x
pr"essure
number of links in fold length
mass flow rate (cm3 /sec)
gas constant, radius of capillary
thermal shrinkage
entropy
change of entropy by orientation
elongation ratio
temperature
melting temperature
melting temperature of oriented system
ambient temperature
reference temperature, spinning temperature
thermodynamic melting temperature
Tm-T
time
die residence time
velocity
out put velocity
take-up velocity
breaking take-up velocity
mass flow rate (g/min)
crystallinity
crystallinity of as-spun filament
crystallinity at termination of crystallization
process
axial coordinate, distance from clamp
III
yy
y
.'-y"
£
•
£
n
28
a
(J
'l.
1.
l.l)
<cos 21jJ>
n
ratio of upper yield stress to stress after drop
constant
difference of principal refractive indices
heat transfer coefficient
elongational strain
elongational strain rate
effective strain
critical strain
shear strain,energy necessary to form chain fold
shear rate
shear viscosity
Bragg angle
elongational viscQsity
non-linearity parameter of elongational viscosity
elongational viscosity obtained experimentally
elongational viscosity of linear parts
density
density at reference temperature
stress tensor
elongational stress
time constant of constitutive models
effective time constant of BW model
maximum relaxation time
crystallinity
orientation factor
unit tensor
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